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PREFACE 


The  study  described  in  part  by  this  report  has  been  undertaken  by 
the  U.S.  Department  of  the  Interior,  Geological  Survey,  at  the  Gulf 
Coast  Hydroscience  Center  (GCHC) .  The  purpose  of  the  study  was  to 
evaluate  and  compare  one-dimensional  stream  water-quality  models. 

Funding  was  provided  by  the  U.S.  Army  Corps  of  Engineers  (COE)  Environ¬ 
mental  and  Water  Quality  Operational  Studies  (EWQOS)  Program  through  the 
U.S.  Army  Engineer  Waterways  Experiment  Station  (WES)  by  Interagency 
transfer  WESRF  80-97  dated  7  November  1979.  The  study  is  part  of  EWQOS 
Task  IC.3,  Improve  and  Verify  Riverine  Water  Quality  and  Ecological  Pre¬ 
dictive  Techniques.  The  EWQOS  Program  is  sponsored  by  the  Office,  Chief 
of  Engineers  (OCE) ,  and  is  assigned  to  WES,  under  the  purview  of  the  En¬ 
vironmental  Laboratory  (EL) .  The  OCE  Technical  Monitors  for  EWQOS  were 
Mr.  Earl  E.  Eiker,  Mr.  John  Bushman,  and  Mr.  James  L.  Gottesman. 

Dr.  S.  C.  McCutcheon  served  as  principal  investigator,  with  the 
technical  and  administrative  support  of  Mr.  Marshall  Jennings. 

Dr.  Robert  Raker,  Chief  of  GCHC,  provided  general  administrative  support. 
Doyle  Frederick,  Acting  Director  of  the  Geological  Survey,  approved  the 
publication  of  this  report.  Technical  assistance  at  GCHC  was  provided  by 
Mr.  Harry  Doyle,  Hydrologist;  Mr.  Philip  Curwick,  Hydrologist;  Miss 
Kathleen  Flynn,  Computer  Specialist;  Mrs.  Joy  Lorens,  Computer  Specialist 
and  Miss  Leslie  Hallman,  Mr.  Kenneth  Burton,  Mr.  Alan  Guess,  Miss  Rebecca 
Breeland,  Mr.  James  Gibson,  and  Miss  Cynthia  Faulk,  co-op  students.  The 
report  was  written  by  Dr.  McCutcheon. 

Three  Geological  Survey  offices,  the  Georgia  District  Office,  the 
Oregon  District  Office,  and  the  Pueblo,  Colorado,  Subdistrict  Office 
provided  data  used  in  the  study.  Mr.  Robert  Faye  furnished  information 
about  the  Chattahoochee  River,  Georgia.  Messrs.  Frank  Rinella  and  Stuart 
McKenzie  provided  information  about  the  Willamette  River,  Oregon.  Messrs 
Douglas  Cain,  Kimball  Goddard,  and  Ronnie  Steger  furnished  information 
about  the  Arkansas  River,  Colorado. 


Mr.  Rich  Johnson,  U.S.  Army  Corps  of  Engineers,  Portland,  Oregon, 
Mr.  Naresh  Varma,  James  M.  Montgomery  Consulting  Engineers,  Inc.,  and 
Mr.  Glen  Dearth,  CH2M  Hill,  Inc.,  furnished  cross-section  geometry  data 
describing  the  channel  of  the  Willamette  River. 

Mr.  R.  G.  Willey  and  Dr.  Michael  Gee,  U.S.  Army  Hydrologic 
Engineering  Center  (HEC),  gave  advice  and  assistance  in  the  use  of  the 
Water  Quality  for  River-Reservoir  Systems  Model.  Mr.  Michael  Mullen  and 
Dr.  Frank  Tatom  of  Engineering  Analysis,  Inc.,  provided  advice  and 
information  concerning  the  Massachusetts  Institute  of  Technology  (MIT) 
Transient  Water-Quality  Network  Model. 

The  study  was  conducted  under  the  direct  WES  supervision  of 
Dr.  D.  E.  Ford  and  Mr.  Aaron  Stein  and  under  the  general  supervision  of 
Mr.  D.  L.  Robey,  Chief,  Ecosystem  Research  and  Simulation  Division, 

Dr.  J.  Harrison,  Chief,  EL,  and  Dr.  J.  L.  Mahloch,  EWQOS  Program 
Manager . 

Commanders  and  Directors  of  WES  during  the  conduct  of  this 
study  were  COL  N.  P.  Conover,  CE,  and  COL  T.  C.  Creel,  CE.  Technical 
Director  was  Mr.  F.  R.  Brown. 

This  report  should  be  cited  as  follows: 

McCutcheon,  Steve  C.  1983.  "Evaluation  of  Selected 
One-Dimensional  Stream  Water-Quality  Models  with 
Field  Data,"  Technical  Report  E-83-11,  prepared  by 
Gulf  Coast  Hydroscience  Center,  Geological  Survey, 
for  the  U.S.  Army  Engineer  Waterways  Experiment 
Station,  CE,  Vicksburg,  Miss. 
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WATER-QUALITY  MODELS  WITH  FIELD  DATA 


PART  I j  INTRODUCTION 
EWQOS  and  Stream  water  Quality 

In  order  to  derive  the  greatest  benefits  from  reservoirs  and  the 
rivers  downstream  from  them,  it  is  necessary  to  be  able  to  pre¬ 
dict  downstream  water  quality.  To  address  this  need,  a  component  of 
the  EWQOS*  program  at  WES  was  designed  to  evaluate  the  four  digital  com¬ 
puter  program  models  most  likely  to  predict  downstream  water  quality. 
Because  the  U.  S.  Geological  Survey  (USGS)  has  an  active  interest  in 
stream  water  quality  data  collection  and  modeling,  the  GCHC  and  WES 
agreed  to  cooperate  in  an  evaluation  of  downstream  water  quality  models. 
Data  collected  by  the  USGS  in  several  river  basin  studies  made  it  pos¬ 
sible  to  evaluate  the  models  under  a  wide  range  of  field  conditions. 

The  prediction  of  stream  water-quality  using  mathematical  equations 
can  be  traced  at  least  as  far  back  as  the  work  of  Streeter  and  Phelps  in 
the  1920's.  Since  that  time,  predictive  techniques  have  been  improved 
and  refined.  The  advent  of  practical  digital  computers  in  the  early 
1960's  led  to  a  proliferation  of  computer  models  describing  physical 
systems  that  included  a  number  of  stream  water-quality  models.  Water- 
quality  modeling  has  improved  to  the  point  that  these  models  are  useful 
tools  in  understanding  and  predicting  physical,  chemical,  and  biological 
interactions  occurring  in  streams. 

The  existence  of  numerous  useful  models  for  stream  water-quality 
analysis  makes  it  difficult  to  match  the  appropriate  model  to  stream 
conditions  for  the  purpose  of  accurately  modeling  stream  water  quality. 

To  provide  some  guidance  in  model  selection,  four  representative  models 
were  chosen  for  examination  in  this  study. 

Project  Goals  and  Scope 

This  study  was  undertaken  to  examine  four  models,  briefly  review 

*  For  convenience,  abbreviations  are  listed  and  defined  in  the  Notation 
(Appendix  A) . 


tfL, _ A 


8 


the  literature  concerning  one-dimensional  water-quality  models,  select 
a  data  base  to  be  used  to  evaluate  the  models,  and  assess  the  need  for 
further  study. 

Models  included  in  this  evaluation  and  comparison  were  a  modified 
Streeter-Phelps  model  entitled  the  "Steady-State  Stream  Water-Quality 
Model,"  the  Southeast  Michigan  Council  of  Governments  (SEMCOG)  version 
of  the  QUAL  II  model,  the  "Water  Quality  for  River-Reservoir  Systems" 
(WQRRS)  model,  and  the  "MIT  Transient  Water-Quality  Network  Model."  The 
USGS  version  of  the  Streeter-Phelps  model  (referred  to  hereafter  as  the 
Streeter-Phelps  model)  and  the  QUAL  II  model  were  designed  to  predict 
water  quality  under  conditions  of  steady  flow  and  waste  loading.  The 
QUAL  II  model  has  the  capability  to  predict  time-varying  concentrations 
of  temperature,  dissolved  oxygen  (DO),  chlorophyll  a,  and  nutrients  in 
response  to  dynamic  meteorological  conditions  and  steady  flow.  The 
WQRRS  and  MIT  models  are  dynamic  models.  Both  were  designed  to  predict 
time-varying  stage,  flow,  and  water  quality. 

Originally,  a  fifth  model  entitled  "USGS  Transient  Model"  was 
considered.  After  a  brief  review  indicated  that  the  model  was  not  widely 
used,  this  model  was  dropped  from  consideration  so  that  more  time  could 
be  devoted  to  the  other  four  models. 

A  brief  literature  review  was  aimed  at  confirming  that  the  four 
models  mentioned  above  were  state-of-the-art  or  that  the  models  had  been 
used  frequently  under  a  variety  of  conditions  and  a  general  perception 
existed  that  these  models  were  useful  and  valid.  Other  goals  were  to 
locate  the  most  accurate  set  of  steady- state  data  and  confirm  that  a 
paucity  of  dynamic  water-quality  data  existed. 

To  assist  in  the  model  evaluation,  three  USGS  data  sets  were 
selected  from  steady-state  water-quality  studies  in  which  flow  and  water 
quality  in  the  stream  were  essentially  constant.  The  first  set  was 
collected  during  the  Chattahoochee  River  quality  assessment  in  Georgia. 
The  second  set  was  collected  during  the  Willamette  River  quality 
assessment  in  Oregon.  The  third  data  set  was  collected  during  a  study 
of  the  Arkansas  River  in  Colorado  by  the  USGS  for  the  Pueblo  County, 
Colorado,  Council  of  Governments. 


These  data  sets  cover  a  wide  range  of  steady-state  stream  water- 
gualitv  conditions.  The  Willamette  River  is  a  large  sluggish  stream 
that  has  three  distinctly  different  reaches.  The  Chattahoochee  River  is 
of  moderate  size  with  moderate  bottom  slopes.  The  upper  Arkansas  River 
is  a  small  stream  with  a  high  channel  slope.  Each  stream  was  studied  to 
determine  the  effects  of  point  source  and  nonpoint  source  pollution 
associated  with  urbanization. 

Each  stream  was  characterized  by  different  critical  low-flow 
conditions.  The  Willamette  River  typically  reaches  a  steady  low  flow  in 
late  summer  and  maintains  it  for  about  two  months.  The  Chattahoochee 
River  is  regulated  by  an  upstream  peaking-power  dam  such  that  periods 
of  steady  low  flow  are  normally  limited  to  late  summer  weekends.  The 
upper  Arkansas  River  has  two  periods  of  steady  low  flow:  one  in  April 
before  the  annual  snowmelt  and  one  afterwards  from  August  to  September. 

Resides  choosing  data  to  cover  a  wide  range  of  conditions,  the  data 
were  also  chosen  so  that  independent  determinations  of  some  model  coeffi¬ 
cients  were  possible.  In  addition,  the  data  were  checked  for  accuracy 
and  precision.  Questionable  data  were  labeled  in  the  results  or  removed. 

Each  of  the  three  data  sets  consisted  of  at  least  two  independent 
subsets.  One  subset  of  data  was  used  in  calibrating  the  models  in  which 
model  coefficients  were  adjusted  so  that  model  simulations  matched 
water-ouality  measurements  contained  in  the  calibration  data.  Since  the 
process  of  adjusting  coefficients  was  an  empirical  process,  a  second 
subset  of  data  was  necessary  to  verify  the  calibration.  The  model  results 
were  compared  to  the  independent  subset  of  verification  data  without 
modifying  the  model  coefficients  to  determine  whether  or  not  a  model 
would  adeguately  simulate  water  cruality  in  a  given  stream. 

The  models  included  in  the  evaluation  were  first  examined  by 
reviewing  the  documentation  of  each  model  in  order  to  summarize  the 
conditions  the  models  were  designed  to  simulate  and  the  capabilities  of 
each  model.  During  the  application  of  each  model  to  the  data,  as  many 
options  were  used  as  time  permitted.  The  Streeter-Phelps ,  DUAL  II,  and 
WQRRS  models  were  calibrated  using  all  three  data  sets.  The  MIT  model 
could  not  be  applied  to  the  data  because  of  errors  in  the  model  or  the 


data  that  was  coded  for  the  model.  An  indepth  review  and  modification 
of  the  computer  code  was  outside  the  scope  of  this  project.  The  Streeter 
Phelps  and  QUAL  II  models  were  also  verified  for  all  three  data  sets 
because  greater  priority  was  attached  to  the  full  evaluation  of  the 
steady-state  models  with  steady-state  data.  The  WQRRS  model  was  not 
verified  because  the  calibration  and  comparison  to  the  Streeter- Phelps 
and  QUAL  II  models  indicated  that  this  model  was  equally  valid  and  of 
comparable  accuracy.  Because  the  additional  complexity  and  coding 
requirements  of  the  WQRRS  model  generally  preclude  the  use  of  the  model 
for  routine  steady-state  simulation  in  favor  of  the  simpler  steady-state 
models,  the  calibration  of  the  WQRRS  model  using  steadv-state  data  was 
deemed  sufficient  to  confirm  the  validity  of  the  model,  furthermore, 
the  time  available  to  work  with  the  WQRRS  model  was  limited  by  the 
unforeseen  need  to  correct  several  errors  in  the  program.  These  errors 
were  described  to  the  HEC  for  their  consideration  and  subsequent 
correction. 

Data  required  for  the  models  can  be  classified  as  follows:  initial 
data  needed  to  start  the  solution;  driving  data  that  describe  headwater, 
tributary,  and  surface  fluxes  of  mass  and  heat;  coefficient  data;  and 
calibration  and  verification  data.  Because  steady-state  applications 
were  made,  the  initial  data  were  relatively  unimportant.  The  driving 
data  that  describe  inflow  quality  and  quantity  were  derived  from 
measurements  so  that  the  same  information  was  used  in  each  model. 

Model  coefficient  optimization  was  avoided  whenever  possible  by 
using  independent  determinations  of  coefficients.  In  addition,  coeffi¬ 
cients  were  standardized  for  all  three  models  to  assist  in  determining 
the  effect  of  different  model  formulations.  This  isolated  the  effect 
of  model  differences  but  on  occasion  led  to  less  than  perfect  agreement 
between  predictions  and  measurements. 

The  data  describing  instream  water  quality  were  used  to  determine 
i^  the  model  calibration  and  verification  were  reasonable.  Whether  or 
not  the  agreement  between  predictions  and  measurements  was  reasonable 
depended  on  the  constituent,  precision  of  measurements,  trends  of 
predictions  and  measurements,  and  the  maximum  difference  between 


predictions  and  measurements 


Modeling  results  were  obtained  in  the  following  fashion: 

1.  Travel  time  and  the  hydraulic  conditions  were  specified  as 
input  data  from  measurements  or  the  model  was  calibrated  to 
accurately  reflect  the  measurements  available. 

2.  Water  temperature  was  specified  or  the  model  calibrated 
to  predict  water  temperature. 

3.  Each  model  was  calibrated  to  predict  biochemical  oxygen  demand 
(non),  organic  nitroqen,  ammonia,  nitrite,  and  nitrate  in  that 
order  or  the  independently  determined  coefficients  were  checked 
for  accuracy. 

4.  Because  reaeration  and  benthic  demand  were  estimated  from 
measurements  or  other  independent  studies,  what  remained  was 
to  compare  the  DO  predictions  to  measurements  to  determine 
if  these  measurements  or  estimates  were  adeouate. 

5.  As  time  permitted,  minor  constituents  were  simulated. 

6.  Following  calibration,  the  Streeter-Phelps  and  QtTAL  II  models 
were  verified  with  independent  data  sets. 

In  reviewing  the  literature,  it  became  evident  that  the  Velz  (1970) 
rational  method  is  also  perceived  as  an  appropriate  water-quality  model. 
The  detailed  examination  of  the  model  was  outside  the  scope  of  this  work 
but  the  choice  of  the  Chattahoochee  and  Willamette  river  data  for  this 
study  made  it  possible  to  include  the  results  of  previous  studies  using 
the  Velz  rational  method.  This  made  it  possible  to  determine  the 
accuracy  and  validity  of  the  velz  method  but  not  the  efficiency,  ease-of- 
use,  or  utility  of  the  documentation. 


Objectives  of  the  Report 

This  report  describes  the  study  undertaken  to  evaluate  and  compare 
four  stream  water-quality  models.  The  introduction  explains  the  purpose 
and  goals  of  the  project  and  describes  the  objective  of  this  report. 

The  next  section  describes  the  brief  literature  review.  The  model 
capabilities  outlined  in  the  documentations  are  examined  in  the  Following 
section  and  model  capabilities  are  summarized.  The  following  section 
describes  the  data  sets  that  were  selected  for  this  study  and  presents  any 
water-quality  data  that  was  not  available  in  other  publications.  In  the 


PART  II:  SELECTIVE  REVIEW  OF  STREAM  WATER-QUALITY  MODELING 


Stream  Water-Quality  Models 


Models  in  general  use 

The  four  models  selected  for  evaluation  using  field  data  include 
the  USGS  version  of  the  Streeter-Phelps  model?  the  QUAL  II  model- SEMCOG 
version?  the  WQRRS  model?  and  the  MIT  model.  The  Streeter-Phelps  model 
and  the  QUAL  II  model  are  limited  to  streams  with  steady  flow  while  the 
WQRRS  model  and  the  MIT  model  are  dynamic  models  that  simulate  unsteady 
flow  and  water  quality. 

The  following  sections  tend  to  confirm  that  except  for  the  MIT 
model,  these  models  are  generally  accepted  by  water-quality  modelers. 
Each  model  has  a  standard  documented  computer  code  that  can  be  easily 
obtained  from  U.S.  Government  agencies.  The  Streeter-Phelps,  QUAL  II, 
and  wqrrs  models  are  periodically  reviewed  and  updated  as  needed.  The 
USGS,  U.S.  Environmental  Protection  Agency  (EPA),  and  COE  resolve 
questions  and  provide  assistance  for  the  use  of  these  three  models. 

The  MIT  model  does  not  receive  the  same  level  of  support. 

Previous  reviews  of  water-quality  modeling  techniques  such  as 
Ambrose  and  others  (1981),  Harper  (1971),  and  Lombardo  (1973)  and  texts 
by  Rich  (1973)  and  Thomann  (1974)  tend  to  compare  formulations  or 
capabilities  described  by  the  model  documentation.  Harper  assessed 
various  mathematical  algorithms  used  by  several  models.  Ambrose  and 
others  (1981)  offer  an  extensive  list  of  stream  water-quality  models  but 
their  examination  focused  on  water-quality  models  for  upland  streams 
that  enter  estuaries.  Lombardo  reviewed  models  for  streams,  lakes,  and 
estuaries,  listing  model  capabilities  along  with  limited  details  on  each 
model.  The  works  of  Harper  and  Lombardo  were  published  prior  to  the 
creation  of  model  versions  used  in  this  evaluation. 

Two  previous  inter-model  comparisons  using  field  data  were  located 
in  the  literature.  Bauer,  Steele,  and  Anderson  (1978)  made  a  rigorous 
comparison  of  the  Streeter-Phelps  and  Pioneer  I  models  using  data 
collected  on  the  Yampa  River  in  Colorado.  Both  models  were  equally 


accurate  in  predicting  no  and  BOD.  Different  model  formulations  led  to 
minor  differences  in  nutrient  concentrations.  Willey  and  Huff  (1978, 
op.  H— 1  to  H-6)  compared  the  WQRRS  model  to  the  DOSAG  II  model  under 
conditions  of  steady  flow  and  waste  loading  for  the  Chattahoochee  River 
in  Georgia.  Despite  differences  in  stream  velocity,  reaeration 
coefficients,  and  BOD  loading  and  decay,  it  was  claimed  that  the  modeling 
results  of  the  WQRRS  model  and  the  DOSAG  II  model  "compare  adequately." 

USGS  version  of  the  Streeter-Phelps  model 

The  USGS  version  of  the  Streeter-Phelps  model  titled  "One-Dimensional 
Steady-State  Stream  Water-Quality  Model,"  (Bauer,  Jennings,  and  Miller, 
1979)  has  been  used  by  USGS  district  offices  working  with  state  and  local 
government  agencies  (Bryant,  Morris,  and  Terry,  1979;  and  Wilber  and 
others,  1979).  In  addition,  the  model  has  also  been  used  as  a  research 
tool  (Miller,  1981).  Bauer,  Steele,  and  Anderson  (1978)  compared  the 
Streeter-Phelps  model  to  the  Pioneer  I  model  with  data  collected  during 
the  river  basin  assessment  of  the  Yamoa  River,  Colorado,  under  steady 
conditions.  The  studies  mentioned  above  usinq  this  computer  code  and 
numerous  other  studies  using  the  Streeter-Phelps  equation  confirm  that 
this  model  is  perceived  as  generally  useful  for  steady-state  simulations. 
QUAL  II  model 

The  QUAL  II  model  receives  extensive  use.  The  EPA  recommends  the 
model  based  on  ease  of  use,  effectiveness,  adequate  documentation,  and 
general  acceptance  by  water-aualitv  modelers.  The  modular  design  of  the 
computer  code  also  lends  flexibility.  A  number  of  documented  applications 
(Willis,  Anderson,  and  Dracup,  1976;  Barnwell,  1978;  Grenney,  Teuscher, 
and  Dixon,  1978;  and  Roesner,  Giguere,  and  Evenson,  1977b)  on  different 
streams  confirm  the  utility  of  the  QUAL  II  model  in  waste  assimilative 
capacity  studies  of  streams. 

In  a  review  of  the  QUAL  II  model,  the  National  Council  of  the  Paper 
Industry  for  Air  and  Stream  Improvement,  Inc.  (NCASI,  1980)  noted  that 
the  models  in  the  QUAL  series,  QUAL  I,  QUAL  II,  and  QUAL  III,  are  similar. 
Differences  are  limited  to  the  number  of  water-quality  constituents  that 
are  simulated  and  the  formulation  used  to  describe  particular  water- 
quality  variables.  The  NCASI  also  notes  that  several  versions  of  the 
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QUAL  II  model  exist  besides  the  SEMCOG  version  used  in  this  model 
evaluation.  These  include  the  State  of  Texas  version  that  has  variable- 
temperature  correction  coefficients,  sensitivity  analysis,  and  plot 
output;  the  EPA  version  that  simulates  organic  nitrogen  but  excludes 
steady-state  simulation  of  algae  and  temperature;  and  a  version  of 
W.  J.  Grenney  of  Utah  State  University  that  has  modifications  to  the 
numerical  solution  algorithm.  Of  the  available  versions,  the  NCASI  chose 
the  SEMCOG  version  to  recommend  for  use  by  the  paper  industry. 

WQRRS  model 

the  WQRRS  model  (Smith,  1978)  may  be  the  best  supported  water- 
quality  model  discussed  in  this  report.  The  HEC  provides  advice  on  all 
aspects  of  model  use  and  continually  updates  the  program  as  new  techniques 
become  available.  The  WQRRS  model  was  originally  designed  as  a  large 
basin  model  and  was  applied  to  the  Trinity  River  Basin  in  Texas. 

The  HEC  has  demonstrated  the  utility  of  the  program  with  two 
studies.  Willey,  Abbott,  and  Gee  (1977)  used  the  WQRRS  model  to  evaluate 
storm  runoff  effects  and  sediment  transport  in  the  Oconee  River  in 
Georgia.  Willey  and  Huff  (1978)  studied  urban  effects  of  Atlanta, 

Georgia,  on  the  Chattahoochee  River. 

MIT  model 

The  MIT  model  (Harleman  and  others,  1977)  was  designed  to  model 
estuaries  and  rivers,  but  a  majority  of  applications  involved  estuaries. 
The  MIT  model  results  from  a  number  of  studies  undertaken  at  MIT. 

Nutrient  modeling,  as  described  by  Najarian  and  Harleman  (1977)  is  sophis¬ 
ticated  but  is  valid  only  for  nitrogen-limited  waters.  Sedimentation 
and  scour  were  not  considered  in  formulating  the  model.  Thatcher,  Pearson 
and  Mayor-Mora  (Ambrose  and  others,  1981,  p.  144)  applied  the  MIT  model 
to  the  St.  Lawrence  River.  Tatom  and  Mullen  (1977)  applied  the  MIT 
model  to  a  freshwater  stream  and  shallow-lake  network  in  Louisiana. 

While  the  studies  mentioned  confirm  the  validity  of  the  use  of  the 
MIT  model  for  estuary  modeling,  this  brief  literature  review  did  not  find 
a  steady-state  riverine  application.  Therefore,  it  was  not  possible  to 
confirm  the  validity  of  the  MIT  model  for  simulating  river  water  quality 
using  the  literature  readily  available. 


Other  models 


Besides  these  four  models  mentioned  above,  the  literature  review 
indicates  that  there  are  several  other  models  of  comparable  accuracy. 
Ambrose  and  others  (1981)  offers  an  extensive  listing  of  stream  water- 
quality  models  that  seems  to  be  complete  except  for  recently  published 
water-quality  models  such  as  Jobson  (1981). 

Models  such  as  the  Velz  rational  technique.  Pioneer  I,  and  OOSAG, 
among  others,  have  been  used  frequently  under  a  variety  of  conditions 
but  seemed  to  have  less  potential  than  the  models  chosen  for  evaluation. 
Unlike  the  Streeter-Phelps ,  QUAL  II,  and  WQRRS  models,  these  models  are 
rarely  reviewed  and  updated.  In  some  cases  documentation  is  altogether 
lacking  or  lacks  detail.  The  Velz  rationl  method  lacks  a  standard 
general-purpose  computer  code.  Perhaps  the  establishment  of  a  steady- 
state  data  base  in  this  study  will  lead  to  future  comparisons  with  models 
that  were  outside  the  scope  of  this  project. 

Steady- State  Data  Base 


USGS  Studies 

Three  data  sets  were  selected  from  USGS  files  after  considering 
the  accuracy  of  the  data,  range  of  conditions  described  by  the  data,  and 
geographical  location  of  the  study  sites.  Based  on  these  criteria, 
studies  of  the  Chattahoochee,  Willamette,  and  Arkansas  rivers  were  the 
three  best  studies  available  to  use  in  examining  steady-state  water- 
quality  models. 

In  terms  of  accuracy,  the  series  of  USGS  river-quality  assessments 
that  included  the  Willamette,  Chattahoochee,  and  Yampa  rivers  are  among 
the  best  available.  Great  care  was  taken  in  the  planning  and  execution 
of  these  studies.  In  addition,  the  studies  were  free  of  any  constraints 
normally  associated  with  the  regulation  of  waste  discharges. 

The  USGS  files  also  contained  a  second  group  of  studies  performed 
under  cooperative  agreements  with  state  and  local  governments  to 
determine  the  waste  assimilative  capacity  of  various  stream  segments. 
These  studies  were  modeled  after  the  river  quality  assessments  but  tended 


to  concentrate  on  specific  regulatory  problems  such  as  waste  load 
allocation.  In  general,  the  studies  were  shorter,  few  constituents  were 
measured,  and  the  measurements  were  less  reliable.  The  study  of  the 
Arkansas  River  in  Colorado,  one  of  the  better  studies  under  this  cooper¬ 
ative  program,  is  an  exception  to  this  general  rule. 

The  Willamette,  Chattahoochee,  and  Yampa  river  data  describe 
a  wide  range  of  conditions;  however,  the  Yampa  River  is  part  of  the 
Colorado  River  basin  whereas  the  Arkansas  River  is  part  of  the  Mississippi 
River  basin.  Because  the  Arkansas  River  data  seems  to  be  as  reliable 
and  covers  about  the  same  range  of  conditions  as  the  Yampa  River  studies, 
this  data  was  selected  along  with  data  from  the  Willamette  and  Chattahoochee 
studies  to  form  a  data  base  for  the  model  evaluation. 

Other  data  sources 

The  EPA  and  state  pollution  control  agencies  also  collect  compre¬ 
hensive  sets  of  stream  water-quality  data  suitable  for  modeling.  However, 
these  data  are  not  widely  distributed.  The  accuracy  and  reliability  of 
the  data  varies  from  state  to  state. 

In  the  past  the  EPA  has  concentrated  their  efforts  on  model  devel¬ 
opment  rather  than  data  collection.  Lately,  a  more  balanced  approach  has 
been  taken.  The  EPA  (Barnwell,  1978)  recently  compiled  calibration  and 
verification  data  from  a  study  of  the  Holston  River  in  Tennessee.  In 
addition,  the  EPA  is  funding  the  University  of  Florida  to  search  the 
literature  and  compile  data  bases  describing  stream,  lake,  and  estuary 
water  quality  and  urban  runoff  quantity  and  quality. 

Dynamic  water-quality  data 

A  review  of  USGS  files  along  with  limited  inquiries  to  other 
agencies  confirms  that  a  paucity  of  dynamic  water-quality  data  exists. 

This  confirms  the  need  for  a  synoptic  data  collection  effort  similar  to 
the  USGS  river-quality  assessments  for  which  discharge  and  tributary 
water  quality  varies  significantly  over  the  period  of  study.  A  reliable 
data  base  would  assist  in  the  development  of  dynamic  water-quality  models 
by  providing  a  standard  to  which  model  predictions  could  be  compared  and 
validated. 


The  best  available  dynamic  water-quality  data  from  the  USGS  was 
collected  during  the  Chattahoochee  River  study.  Jobson  and  Keefer  ( 1979) 
made  frequent  measurements  of  flow,  temperature,  and  dye  concentrations 
downstream  of  a  reservoir  during  periods  of  unsteady  flow.  Further 
downstream,  Faye,  Jobson,  and  Land  (19*79)  made  frequent  measurements  of 
transient  flows  and  temperature  from  Atlanta  to  Whitesburg,  Georgia. 
McConnell  (1979)  studied  the  quality  of  urban  runoff  into  the  Chatta¬ 
hoochee  River.  Water-quality  data  were  collected  for  all  nonpoint 
sources  and  for  three  locations  on  the  river.  Point  source  loadings  were 
not  measured  and  in-stream  quality  was  insufficiently  defined  to  permit 
dynamic  water-quality  modeling  of  the  receiving  water. 


PART  Ills  DESCRIPTION  OF  EVALUATED  MODELS 


Streeter-Phelps  Model 


Modeling  capability 

The  Streeter-Phelps  model  (Bauer,  Jennings,  and  Miller,  1979)  is 
a  general  water-quality  management  tool.  The  model  provides  a  framework 
within  which  the  effects  of  point  and  nonpoint  pollution  can  be  assessed. 
The  Streeter-Phelps  equation,  in  which  dispersion  is  neglected,  is  the 
basis  for  modeling  DO.  In  addition,  BOD,  organic  nitrogen,  ammonia, 
nitrite,  nitrate  (or  nitrogenous  oxygen  demand),  orthophosphate-phospho¬ 
rus,  total  coliform  bacteria  (optional),  fecal  colifiorm  bacteria 
(optional),  and  three  arbitary  conservative  substances  (optional)  can  be 
modeled.  Furthermore,  the  model  predicts  the  length  of  anoxic  zones  and 
the  carbonaceous  BOD  at  the  downstream  end  of  the  zone  when  DO  drops  to 
zero  (Bauer,  Jennings,  and  Miller,  1979,  pp.  2-3). 

The  Streeter-Phelps  model  requires  all  tributary  flows  and  waste 
loads  to  be  constant.  Discharge  and  water  quality  in  the  stream  may 
change  in  the  longitudinal  direction,  but  the  discharge  and  water  quality 
at  a  point  are  assumed  to  be  constant  with  time.  The  stream  is  assumed 
to  be  well-mixed  laterally,  and  significant  differences  in  water  quality 
across  the  stream  are  ignored. 

Geometric  representation 

The  Streeter-Phelps  model  requires  a  stream  be  segmented  using 
three  levels  of  detail  (Figure  1):  the  main  stem  and  branching  stems 
intersecting  the  main  stem;  reaches;  and  computational  elements.  This 
segmenting  scheme  closely  depicts  actual  stream  conditions  because  the 
discretization  technique  is  not  limited  to  equal  length  computational 
elements. 

The  stream  is  first  divided  into  a  main  stem  and  major  tributaries. 
Water  quality  in  all  major  tributaries  is  first  simulated  to  estimate 
loads  from  major  tributaries  to  the  main  stem.  Afterwards,  the  water 
quality  in  the  main  stem  is  simulated. 

The  main  stem  and  major  tributaries  are  subdivided  into  reaches. 


HEADWATER 


MAIN  STEM 


Figure  1.  Illustration  of  the  discretization  method  for  the 
Streeter-Phelps  model 


The  reaches  are  determined  by  two  criteria.  First,  all  point  sources, 
withdrawals,  and  headwaters  define  the  head  of  a  reach  that  extends  to 
the  next  point  source.  Second,  when  physical,  chemical,  or  biological 
characteristics  chanqe,  a  new  reach  can  be  defined,  starting  at  the  point 
of  change.  Reaches  are  defined  by  specifying  the  river  miles  upstream 
of  the  stream  mouth  or  some  arbitrary  point  at  or  downstream  of  the  end 
of  the  study  segment  (U.S.  customary  units  are  used  in  the  model). 

A  computational  element  length  is  specified  for  the  main  stem  and 
each  tributary.  Each  reach  is  divided  into  one  or  more  elements. 

Element  lengths  may  vary  from  0.08  to  8.0  kilometers  (0.05-5.0  miles). 

Although  an  element  length  is  specified,  reaches  are  not  required 
to  consist  cf  an  integer  number  of  equal  length  elements.  Very  short 
reaches  between  major  point  sources  can  be  defined  having  one  short 
computation  element.  Longer  reaches  with  lengths  exceeding  the  specified 
element  length  contain  a  number  of  standard  elements  plus  a  short  element 
at  the  end  of  the  reach  for  the  fraction  of  the  element  length  that 
remains.  This  method  does  not  require  changes  in  actual  reach  lengths 
to  satisfy  numerical  criteria.  Thus,  some  numerical  smearing  of  point 
sources  and  reaches  can  be  avoided. 

A  stream  is  discretized  such  that  point  sources  and  withdrawals 
occur  at  the  head  of  a  reach.  Nonpoint  inflows  or  withdrawals  are 
specified  by  reach  and  occur  over  the  entire  reach  length.  Limitations 
on  the  number  of  point  sources,  nonpoint  sources,  and  major  tributaries 
are  not  specified,  but  no  more  than  50  reaches  or  950  computational 
elements  can  be  specified. 

Hydrodynamic  representation 


Discharge  and  reach-averaged  depth  and  width  are  required  data. 
The  Streeter-Phelps  model  does  not  have  flow  routing  capabilities. 

Travel  times  are  introduced  by  one  of  two  options.  One  option 
allows  the  direct  specification  of  travel  time  as  input  data.  The 
second  option  requires  the  model  to  calculate  travel  times  from  the 
average  velocity  and  length  of  a  reach. 


Water 


lalitv  representation 
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1  .  DO. 

2.  BOD. 

3.  Organic  nitrogen. 

4.  Ammonia. 

5.  Nitrite. 

6.  Nitrate. 

7 .  Orthophosphate . 

8.  Fecal  and  total  coliform  bacteria. 

9.  Three  conservative  substances. 

All  reaction  rates  are  empirically  corrected  for  temperature,  except 
benthic  demand  and  net  photosynthetic  production  and  reaeration  coeffi¬ 
cients  when  those  coefficients  are  specified  as  input  data.  Stream 
temperature  is  required  data  and  is  not  simulated.  Saturation  values  of 
DO  are  calculated  as  a  function  of  stream  temperature,  barometric 
pressure,  and  salinity. 

The  DO  simulation  is  controlled  by  several  factors.  Carbonaceous 
BOD  decay  and  nitrification  utilize  DO.  Reaeration  adds  DO  to  the  stream. 
Benthic  interactions  and  the  difference  between  photosynthesis  and 
respiration  may  add  or  deplete  DO.  Gross  photosynthetic  effects  are 
specified  as  a  mean  source  or  sink  of  DO,  depending  on  whether  respiration 
or  photosynthesis  dominates. 

Reactions  for  BOD  decay,  nitrification,  and  reaeration  are  assumed 
to  be  first-order  processes.  Benthic  interactions  and  net  photosynthetic 
production  are  treated  as  zero-order  reactions. 

Nine  options  are  available  to  introduce  reaeration  coefficients 
in  the  program.  Reaeration  coefficients  can  be  specified  as  input  data 
when  those  data  are  known  from  previous  calculations  or  measurements. 
Specification  as  input  data  is  compatible  with  the  specification  of 
travel  times  as  input  data  when  tracer  measurements  are  available.  In 
addition,  eight  options  allow  the  internal  calculation  of  reaeration 
coefficients  using  eight  different  predictive  equations.  The  nine  options 


include  s 


1.  Direct  specification. 

2.  Bennett-Rathbun  equation. 

3.  Langbein-Durum  equation. 

4.  Padden-Gloyna  equation. 

5.  Bansal  equation. 

6.  Parkhurst- Pomeroy  equation. 


:«  .  • 


!•'  "ft. 


.  . 


'  -  -  o  • 


7.  Tsivoglou-Wallace  equation. 

8.  O' Connor- Dobbins  equation. 

9.  A  formulation  based  on  the  Velz  iterative  technique. 

Simulation  of  nitrogen  is  limited  to  forms  that  are  involved  in 
the  oxidation  of  nitrogen.  Two  options  are  available.  In  one  case, 
nitrogenous  ROD  is  treated  as  a  first-order  reaction  analogous  to  BOD 
decay  (an  undocumented  option  treats  nitrogenous  BOD  decay  as  a  zero- 
order  process).  In  the  second  option,  organic  nitrogen,  ammonia,  nitrite, 
and  nitrate  are  simulated  using  a  formulation  developed  by  Thomann, 
O'Connor,  and  DiToro  (Bauer,  Jennings,  and  Miller,  1979,  Dp.  5-9). 

The  nitrification  process  illustrated  in  Figure  2  allows  sinks  and 
sources  of  orcranic  nitrogen,  ammonia,  nitrite,  and  nitrate.  The  decay 
rate  controls  the  amount  of  organic  nitrogen,  ammonia,  nitrite,  and 
nitrate  remaining  at  the  end  of  the  travel  time  through  an  element.  The 
forward  reaction  rate  controls  the  amount  of  the  nitrogen  added  as 
ammonia,  nitrite,  and  nitrate.  External  sources  and  sinks  of  organic 
nitrogen,  ammonia,  nitrite,  and  nitrate,  excluding  tributary  and  waste 
loads,  are  controlled  by  the  difference  in  decay  and  forward  reaction 
rates.  Sedimentation  and  scour  of  organic  nitrogen,  adsorption  or 
desorption  of  ammonia,  nitrite,  and  nitrate  onto  or  from  benthic 
materials,  escaoe  of  ammonia  eras,  and  the  uptake  or  release  of  ammonia 
and  uptake  of  nitrate  by  stream  biota  are  described  by  the  difference  of 
two  first-order  reactions. 

Despite  this  flexibility,  two  limitations  remain.  First,  a  source 
or  sink  of  nitrogen  is  described  by  a  first-order  reaction.  No  allowance 
is  made  for  zero-order  processes  such  as  the  benthic  release  of  organic 
nitrogen.  In  some  cases,  the  uptake  of  ammonia  and  nitrate  by  biota  may 
be  better  described  by  modeling  biomass.  Second,  the  model  allows  an 
abstract  treatment  of  the  nitrogen  sinks  and  sources  as  the  difference 
of  two  coefficients.  For  example,  it  may  be  possible  to  simulate  external 
sources  and  sinks  of  nitrite  in  addition  to  waste  loads,  but  it  is  dif¬ 
ficult  to  justify  this  based  on  what  is  known  about  stream  water  cruality. 

Despite  these  limitations,  the  algorithm  illustrated  in  Figure  2 
has  been  adecuatelv  tested  in  several  studies.  Thomann,  O'Connor,  and 


Figure  2.  Nitrification  cycle  used  by  the  Streeter-Phelps  model 
(adapted  from  Bauer,  Jennings,  and  Miller,  1979) 


DiToro  (1971,  pp.  37-55)  originally  developed  the  algorithms  used  in  this 
Streeter-Phelps  model  to  simulate  nitrification.  They  also  describe 
applications  to  the  Delaware  Estuary  and  Potomac  Estuary.  Both  studies 
simulate  ammonia  and  nitrate  uptake  by  algae  as  first-order  reactions 
dependent  upon  ammonia  and  nitrate  concentrations,  respectively.  Bauer, 
Steele,  and  Anderson  (1978)  applied  this  nitrification  scheme  in  a  study 
of  the  Yampa  River  in  Colorado  with  good  results.  In  addition,  good 
results  were  obtained  in  a  study  of  the  Chattahoochee  River  in  Georgia 
by  Miller  and  Jennings  (1979). 

The  formulation  for  orthophosphate  simulation  uses  waste  inflows 
and  the  stream  bottom  as  sources  of  orthophosphate.  The  uptake  or 
release  of  orthophosphate  by  phytoplankton,  expressed  as  chlorophyll  a, 
is  a  sink  or  source  of  orthophosphate.  Other  forms  of  phosphorus  are 
not  simulated. 

Chlorophyll  £  concentrations  are  specified  as  input  data  and  are 
not  simulated.  These  concentrations  are  used  to  simulate  the  uptake  of 
orthophosphate-phosphorus  by  algae  and  do  not  affect  the  DO  balance. 
Formulations  for  the  DO  balance  and  phosphorus  balance  are  not  coupled 
in  the  model  and  chlorophyll  a  concentrations  do  not  modify  gross  photo¬ 
synthetic  affects  (specified  as  input  data)  on  the  DO  balance. 

Finally,  there  are  options  to  model  coliform  bacteria,  conservative 
substances,  and  anaerobic  zones.  Fecal  and  total  coliform  bacteria 
die-off  are  modeled  separately  as  first-order  reactions.  Three  arbitrary 
conservative  substances  can  be  modeled  with  the  results  reported  in 
milligrams  per  liter.  Conservative  substances  are  mass  balanced  at  each 
inflow.  When  DO  levels  reach  0.1  milligrams  per  liter,  the  program 
estimates  the  length  of  the  anaerobic  zone  and  the  carbonaceous  BOD  at 
the  downstream  end  of  the  anaerobic  zone.  However,  it  is  unclear  whether 
these  algorithms  have  been  fully  verified.  Bauer,  Jennings,  and  Miller 
( 1979)  do  not  fully  explain  or  demonstrate  this  option  in  the  appended 
example  problems  of  the  model  documentation. 

Program  utility 


Input  data  formats  for  the  Streeter-Phelps  model  are  inefficient 
Decay  coefficients  and  forward  reaction  coefficients  are  coded  in  two 


different  places;  i.e.,  similar  coefficients  are  coded  on  different 
cards.  In  addition,  internal  program  checks  on  the  input  data  are 
inadequate . 

Despite  these  drawbacks,  the  input  data  are  flexible  and  can  be 
easily  modified  when  reaches  are  added  or  deleted.  This  flexibility  is 
due  to  the  IBM  computer  utility  subroutine  REREAD.  When  the  model  is 
adapted  to  other  computer  systems,  this  subroutine  must  be  replaced. 

Program  output  is  well  organized  but  lengthy,  and  the  user  has 
no  option  to  delete  parts.  Tables  of  input  data  are  well  organized  but 
must  be  checked  to  ensure  the  same  data  are  used  in  internal  calculations. 
Internal  computations  are  reported  in  a  manner  that  readily  assists  in 
tracing  errors  in  data.  Results  are  not  summarized  in  a  final  table  but 
instead  are  presented  in  line  printer  plots  of  each  constituent  versus 
river  mile.  Model  calibration  is  greatly  simplified  and  made  easier  by 
the  plotting  of  observed  measurements  with  predicted  values  for  each 
constituent. 

Because  water-quality  equations  are  solved  analytically,  computing 
costs  are  low;  internal  calculations  are  simplified  and  easy  to  under¬ 
stand;  and  the  discretization  scheme  accurately  depicts  stream  geometry. 
Measurements  of  travel  time,  average  depth,  and  temperature  can  be 
specified  as  input  data.  However,  the  flexibility  of  the  model  is 
limited  by  the  lack  of  options  to  simulate  travel  time,  depth,  width, 
and  temperature. 

The  source  code  is  written  in  Fortran  IV  and  is  about  3000  lines 
in  length.  Seventy-five  thousand  words  of  storage  are  needed  along  with 
some  temporary  file  storage. 

The  USGS  maintains  an  operational  version  of  the  Streeter-Phelps 
model  on  three  computer  systems,  •’’he  most  up-to-date  version  is  maintained 
on  two  systems:  AMDAHL  470V/F  ( RE2 ) ,  USGS  National  Headquarters,  Reston, 
Virginia;  and  IBM  3033,  Applied  Physics  Laboratory,  John  Hopkins 
University,  Silver  Springs,  Maryland.  A  version  using  DO  deficits  as  DO 
input  data  is  maintained  on  the  Water  and  Power  Resources  Service  (Bureau 
of  Reclamation)  CDC  Cyber-70  System  in  Denver,  Colorado. 
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The  program  source  deck  and  documentation  can  he  reguested  from 


the  following  address: 

Deterministic  Models  Project 
Gulf  Coast  Hydroscience  Center 
U.S.  Geological  Survey 
NSTL  Station,  MS  39529 
(601-699-3071,  PTS  494-3071) 


OUAL  II  Mode 1 - S EMCOG  Version 


Modeling  capability 

The  0TTAL  II  model-SEMCOO  version  (hereafter  referred  to  as  the 
OUAL  II  model)  is  a  one-dimensional  steady-state  water-gualitv  model 
applicable  to  branched  streams  (Roesner,  Giguere,  and  Evenson,  1977A 
and  1977B).  Water  Resources  Engineers  develoned  the  ptTAL  II  model  in 
1972  for  the  EPA.  That  version  was  a  refinement  of  previous  work  by  the 
Texas  water  Development  Board  and  F.  D.  Masch  and  Associates  in  1970. 

In  1976,  a  number  of  modifications  and  refinements  resulted  in  the  SEMCOG 
version. 

The  OUAL  II  model  was  designed  as  a  water-ouality  planning  tool. 

The  model  accepts  multiple  waste  inflows,  tributaries,  withdrawals, 
and  nonooint  sources.  The  effects  of  waste  load  magnitude,  guality, 
and  location  on  stream  quality  can  be  predicted  for  nonooint  and 
point  source  pollution.  The  required  dilution  flows  to  meet  prescribed 
levels  of  DO  can  be  calculated.  A  dynamic  option  allows  the  simulation 
of  diurnal  variations  of  DO,  nutrients,  BOD,  algae,  and  temperature 
resulting  from  a  diurnal  variation  of  meteorological  conditions.  Stream 
discharge  and  tributary  inflows  must  remain  constant.  In  addition,  the 
model  was  formulated  to  include  longitudinal  dispersion  in  the  transport 
calculations . 

Geometric  representation 

A  stream  system  is  discretized  into  three  levels  of  detail  (Figure 
3)  for  the  QDAL  II  model  simulation.  The  OUAL  II  model  can  simulate 
water  oualitv  in  the  main  stem  and  multiple  branched  tributaries  (i.e., 
dendritic  stream  systems).  Each  branch  is  divided  into  one  or  more 
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Figure  3.  Discretization  scheme  for  stream  systems  used  by  the  QUAL  II  model 
and  a  schematic  definition  of  the  mass  balance  on  each  element 
(adapted  from  Roesner,  Giguere,  and  Evenson,  1977A) 


reaches.  All  reaches  consist  of  one  or  more  computational  elements  of 
equal  length.  The  element  lencrth  is  equal  for  all  branches  in  the  system 


r 


The  requirement  of  equal-length  elements  can  lead  to  discretization 
errors  when  reach  lenqths  are  not  ecrual  to  an  integer  number  of  element 
lengths.  If  two  or  more  point  sources  enter  the  same  element,  the  sources 
must  be  combined  by  mass  balancing. 

In  coding  the  data,  the  type  of  element  is  specified  accordincr  to 
the  hydraulic  and  qeometric  characteristics  of  the  stream  at  that  point. 

A  headwater  element  begins  each  tributary  or  branch.  Junction  elements 
and  elements  just  above  junctions  are  specified.  Elements  receiving 
inflow  from  waste  discharges  or  tributaries  and  elements  having  water 
withdrawn  are  declared  as  such.  The  final  element  in  the  stream  system 
is  specified,  and  all  remaining  elements  are  standard  elements.  Monpoint 
flows  may  enter  any  element  and  require  no  change  in  the  above  specifi¬ 
cations  . 

Consecutive  elements  having  similar  physical,  chemical, 
and  biological  properties  are  grouped  into  reaches.  Input  data  are 
specified  by  reach.  Parameters  governing  the  physical,  chemical, 
and  biological  response  of  the  stream  system  are  supplied  once  for 
each  reach. 

The  OUAli  II  model  is  general  in  nature,  but  certain  limits  exist, 
mhese  limits  includes 

1.  Maximum  of  75  reaches. 

2.  Maximum  of  500  elements,  but  no  more  than  20  in  one  reach. 

3.  Maximum  of  15  headwater  elements. 

4.  Maximum  of  15  junctions. 

5.  Maximum  total  of  90  inflows  and  withdrawal  elements. 

A  lonqitudinal  coordinate  scheme  is  used  by  the  OPAL  II  model  to 
label  reach  locations.  Reaches  are  defined  bv  specifying  beqinnina  and 
ending  river  kilometers  (miles)  from  the  mouth  of  the  river  or  some 
arbitrary  point  at  or  downstream  of  the  end  of  the  study  segment. 

U.S.  customary  or  metric  units  can  be  used  and  the  model  can  convert 
the  results  to  either  system. 

Hydrodynamic  representation 

The  hydraulic  response  of  the  stream  is  simulated  by  one  of  two 
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methods.  In  one  reach,  averaged  coefficients  can  be  specified  that  re¬ 
late  average  velocity  to  discharge: 


u  =  ap*5 


and  average  depth  to  discharge; 


d  =  aQ& 


in  which  a,  b,  a,  and  3  are  constant  for  a  reach.  The  other 
method  allows  the  user  to  approximate  cross  sections  as  trapezoids, 
and  the  program  solves  Manning’s  eguation  by  trial  and  error  for 
the  average  velocity  and  average  depth. 

The  longitudinal  dispersion  coefficient  (Foesner,  Giguere,  and 
Evenson,  1977A)  is  expressed  as, 

DL  =  22.fi  n  u  d0,R33  ( 


in  which  n  =  Manning's  coefficient.  Equation  3  was  derived  for  wide 
straight  channels  and  underoredicts  longitudinal  dispersion  in  natural 
channels  (Fischer  and  others,  1979,  and  nansal,  1976). 
water-aualitv  representation 

The  OTIAL  II  model  solves  mass-balance  eguations  for  each  water- 
quality  constituent,  "’he  equations  are  numerically  integrated  over 
time.  Advection,  dispersion,  dilution,  constituent  reactions  and 
interactions,  and  sources  and  sinks  of  the  material  are  considered. 

The  mass  balance  equations  for  each  constituent  used  in  the  pnAL  II 
model  are  cast  in  a  forward- in- time  centered-in-space  finite  difference 
formulation.  A  series  of  simultaneous  linear  equations  result,  in  which 
the  coefficient  matrix  is  a  tridiagonal  matrix  that  lends  itself  to  an 
efficient  computer  solution.  Initial  conditions  are  specified  to  initiate 
the  finite  difference  solution. 

The  OUAL  II  model  focuses  on  the  balance  of  DP  in  the  stream  as 
shown  in  Fiqure  4.  The  effects  on  the  DP  balance  are  the  primary  concern 
in  modeling  other  constituents.  For  example,  rrnlv  chlorophyll  a,  ammonia, 
nitrite,  and  nitrate  are  simulated  bv  the  QUAL  II  model  formulation  for 
the  nitrouen  cvcle. 
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Figure  4.  Water  quality  constituents  modeled  by  the  QUAL  II  model 
(adapted  from  Roesner,  Giguere,  and  Evenson,  1977A) 


Any  combination  of  nine  water-quality  constituent  groups  can  be 
modeled.  These  qrouns  include: 

1.  no. 

?. .  BOO . 

3 .  Temperature . 

4.  Alqae  as  measured  by  chlorophyll  a. 

5.  Ammonia-nitrogen,  nitrite-nitroqen,  and  nitrate-nitroqen. 

6.  Dissolved  orthophosphate-phosphorus. 

7.  Coliform  bacteria. 

8.  One  arbitrary  constituent  qoverned  by  first-order  kinetics. 

8.  Three  conservative  constituents. 

Thus,  any  constituent  can  be  modeled  separately  without  modeling  any  of 
the  other  possible  parameters  except  that  ammonia-nitrogen,  nitrite- 
nitrogen,  and  nitrate-nitrogen  are  modeled  as  a  group.  If  chlorophyll  a 
is  simulated  without  simulating  nitrogen  or  orthophosphates,  the  model 
assumes  algae  growth  is  not  nutrient  limited. 

Water  temperature  can  be  either  specified  as  initial  data  or 
simulated.  The  OUAL  II  model  will  simulate  water  temperature  given  wind 
speed,  dry-bulb  temperature,  wet-bulb  temperature,  air  pressure,  and 
percent  cloudiness.  Temperature  modeling  is  based  on  a  heat  budget  of 
each  element.  The  heat  budget  considers  the  surface  flux  of  heat  and 
the  heat  content  of  inflows  into  the  stream.  Tree  shading  and  the  flux 
of  heat  to  or  from  the  channel  bottom  are  neglected. 

Stream  temperatures,  whether  specified  or  simulated,  are  used  in 
the  adjustment  of  reaction  rates.  Temperature  is  used  to  empirically 
adjust  all  reaction  coefficients  except  BOD  settling. 

The  formulation  for  the  oxygen  balance  includes  atmospheric 
reaeration,  BOD  decay,  benthic  oxygen  demand,  net  photosynthetic  oxygen 
production,  and  the  oxidation  of  ammonia  and  nitrite.  The  saturation 
values  for  DO  are  calculated  as  a  function  of  temperature,  but  are  not 
corrected  for  pressure  differences  from  standard  barometric  pressure  or 
for  chloride  concentrations  in  the  water. 

Eight  options  are  available  for  the  calculation  of  the  reaeration 
coefficient  K2: 

1.  Direct  specification  of  K2. 

2  Churchill,  Elmore,  and  Buckingham  equation. 

3.  O’Connor  and  Dobbins  equation. 


4.  Owens,  Edwards,  and  Gibbs  equation. 

5.  Thackston  and  Krenkel  equation. 

6.  Lanqbien  and  Durum  equation. 

7.  Tsivoglou  and  Wallace  equation. 

8.  K2  =  aQb. 

Methods  in  options  2,  4,  6,  and  R  are  empirical  relationships  relating  X2 
to  average  velocity  and  depth.  The  Thackston  and  Krenkel  formula  is  the 
most  complex,  involving  the  Froude  number  and  shear  velocity.  The 
Tsivoglou  and  Wallace  equation  has  two  coefficients  that  are  specified 
as  input  data  and  is  the  most  flexible.  The  O'Connor  and  Dobbins 
equation  has  been  the  most  Frequently  used  equation  because  of  the 
rational  basis  and  simple  form. 

The  mass  balance  of  the  carbonaceous  BOD  includes  decay  of  carbona¬ 
ceous  material,  settling,  and  the  release  of  BOD  from  the  stream  sediments. 
Decay  and  settling  are  approximated  by  first-order  formulations.  Release 
of  BOD  from  sediments  can  be  approximated  by  specifying  a  negative 
settling  coefficient  or  adding  a  nonpoint  source  of  BOD. 

Benthic  oxygen  demand  or  sediment  oxygen  demand  is  simulated  with  a 
constant  uptake  rate.  This  uptake  rate  is  not  coupled  to  the  settling 
or  release  of  BOD. 

The  QUAL  II  model  simulates  the  nitrogen  cycle  or  a  simplified 
basis.  Chorophyll  a  is  used  as  a  measure  of  phytoplanktonic  algae  biomass 
and  is  assumed  to  be  a  function  of  a  local  specific  growth  rate,  a  local 
respiration  rate,  and  a  local  settling  rate.  The  local  specific  growth 
rate  is  related  to  a  specified  maximum  specific  growth  rate,  availability 
of  nitrate  and  orthophosphate,  and  light  Intensity.  Thus  phosphorus, 
nitrogen,  or  light-limited  conditions  can  be  modeled.  When  algae  is 
modeled  and  nutrients  are  not,  the  model  assumes  that  algal  growth  is 
not  limited  by  nitrogen  or  phosphorus. 

The  decompositions  of  ammonia  and  nitrite  into  nitrate  are  mooeled 
as  first-order  reactions.  Phytoplankton  take  nitrate  from  the  water  and 
release  ammonia  to  complete  the  nitrooen  cycle  in  the  QUAL  II  model. 

The  settling  of  algae  is  modeled  using  a  first-order  formulation.  The 
benthic  release  of  ammonia  is  simulated  with  a  zero-order  reaction.  The 
desorption  of  ammonia  to  the  atmosphere  is  not  explicitly  considered. 


However,  this  phenomena  can  be  simulated  bv  specifying  a  neoative  benthos 
release  coefficient  (Roesner,  Giquere,  and  Evenson,  1977B,  p.  IV-9). 
Nevertheless,  caution  is  advised  where  ammonia  desorption  is  significant 
since  Stratton  (1968)  demonstrates  ammonia  desorption  is  a  First-order 
process  rather  than  a  zero-order  process. 

The  formulation  for  phosphorus  includes  the  uptake  and  release  of 
orthophosphate  by  algae  and  the  adsorption  or  release  of  orthophosphate 
from  bottom  sediments.  Algae  interactions  are  approximated  by  first- 
order  reactions.  Benthic  interactions  are  approximated  as  zero-order 
reactions. 

Coliform  die-off  and  the  single  arbitrary  nonconservative  con¬ 
stituent  are  modeled  as  first-order  reactions.  The  three  arbitrary 
conservative  constituents  are  mass  balanced  as  inflows  enter  the  stream. 
Program  utility 

The  input  data  formats  for  the  piTAL  II  model  are  well  organized. 

A  separate  appendix  in  the  documentation  presents  codinq  sheets  and 
includes  detailed  instructions  for  coding  of  the  data,  oat a  are  coded 
by  reach,  and  reaches  can  be  added  or  deleted  without  recoding  data. 

The  output  data,  consisting  of  three  sections,  are  also  well 
organized.  In  the  first  section,  the  input  data  (except  meteorological 
data)  are  printed  verbatim  (echoed)  after  numerous  internal  program 
checks.  Next,  internal  calculations  are  summarized  illustrating  the 
convergence  of  the  numerical  solution,  finally,  water-nualitv  and 
hydraulic  predictions,  along  with  reaeration  and  reaction  coefficients, 
are  summarized  efficiently  in  a  table.  The  user  has  the  option  of  reducing 
the  output  to  the  final  summary  table. 

Two  disadvantages  exist  with  input  and  output  data.  First,  some 
input  data  for  algae  simulation  are  always  required  even  if  algae  are  not 
modeled  (corrected  recently  by  NCASI,  1980).  Second,  the  QUA!.  II  model- 
SEMCOG  version  makes  no  allowance  to  plot  the  results.  However,  if  a 
graphical  summary  is  needed,  other  versions  of  the  model  have  this  option 
(NCASI,  1980). 

The  PUAL  II  model  computer  code  is  quite  flexible.  Various  functions 


of  the  model  are  handled  by  subroutines  that  mav  be  easily  modified  or 


improved.  The  code  is  written  in  FORTRAN  IV  and  has  been  executed  usinq 
the  tTNIVAC  1108 ,  CDC  6400,  DEC-10,  Xerox  SIGMA  7,  and  IBM  3033  computer 
systems  amonq  others.  The  EPA  also  maintains  a  version  of  the  DUAL  II 
model  on  their  Washinqton  computer  that  sunports  the  STORET  data-manage- 
ment  system.  Aoproximatelv  61,000  words  of  core  storage  are  required. 
Input  of  data  is  by  card  reader  and  the  only  required  output  device  is  a 
line  orinter. 

The  E°A  has  recently  established  the  Center  for  Water  Oualitv 

Modelinq  in  Athens,  Georgia.  The  Center  will  furnish  a  taoe  of  the 

source  code  that  can  be  copied  and  returned.  In  addition,  the  Center 

now  formally  offers  consultation  on  the  use  of  the  ptIAL  II  model  within 

the  EPA.  The  source  code  and  consultation  may  be  requested  from: 

Center  for  Water  Oualitv  Modelinq 
Environmental  Research  Laboratory 
USEPA 

College  Station  Road 
Athens,  GA  30613 
(404-546-3585  or  FTS  250-3585) 

water  Quality  for  River-Reservoir  Systems  Model 

Modelinq  capability 

The  WQRRS  model  is  designed  as  a  basin-scale  ecological  modeling 
system  (Chen,  1970).  The  wpRRS  model  was  developed  by  water  Resources 
Engineers,  Inc.  and  the  HEC.  This  model  was  developed  during  a  study  of 
the  Trinity  River  Basin  in  Texas.  The  HEC  supports  the  program  with 
consultation,  training  courses,  and  periodic  urogram  updates. 

The  model  consists  of  three  separate  modules:  (1)  reservoir  module; 
(2)  stream-hydraulics  module;  and  (3)  stream-quality  module.  These 
modules  are  linked  with  magnetic  tape  interfaces  that  extend  the  model 
capabilities.  Such  a  link  with  the  watershed  runoff  model  STORM  is 
possible.  In  addition,  the  WpRRS  model  can  receive  information  from 
the  Geometric  Elements  from  Cross-Section  Coordinates  program  of  the  HEC 
for  stream-channel  geometric  properties  and  uses  the  HEC-2  format  for 
channel  properties.  To  analyze  results,  the  wpRRS  model  can  also  transfer 
data  to  an  HEC  plotting  and  statistical  postprocessing  program. 
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Stream  systems  are  broken  into  segments  in  which  reservoir  or  stream 


quality  is  modeled.  Modules  transfer  information  about  flow  quantity 
and  quality  from  one  segment  to  the  next.  Information  about  reservoir 
outflow  quantity  is  transferred  to  the  stream-hydraulics  module,  and 
information  describing  quality  is  transferred  to  the  stream-quality 
module.  In  an  individual  stream  segment,  the  stream-hydraulics  module 
generates  and  transfers  necessary  hydraulics  information  to  the  stream- 
quality  module.  In  consecutive  stream  segments,  information  about 
amounts  and  quality  of  flow  are  passed  from  the  upstream  segment  to  the 
downstream  segment  and  become  headwater  inflows  for  the  downstream  modeled 
segment. 

The  one-dimensional  lake  module  adds  utility  to  the  WORRS  model 
that  is  not  found  with  other  one-dimensional  stream  water-quality  models. 
The  reservoir  module  is  designed  for  aerobic  one-dimensional  impound¬ 
ments.  Small  to  moderately  large  lakes,  with  large  residence  times,  are 
best  suited  to  the  model.  A.  vertically  stratified  lake  is  described 
with  a  series  of  well-mixed  vertically-stacked  layers.  Other  than  to 
mention  these  capabilities,  the  lake  module  will  not  be  considered  in 
this  evaluation. 

Geometric  representation 

The  WQRRS  model  is  a  dynamic  water-quality  model  with  a  wide  range 
of  flow-routing  capabilities.  Dynamic  routing  of  flow  and  water  quality 
lead  to  complex  criteria  for  discretizing  the  stream  system. 

The  stream-hydraulics  module  has  the  capability  of  modelinq  a 
branched  stream  or  a  network  of  streams  as  illustrated  in  Figure  5.  In 
each  branch,  multiple  reaches  can  be  defined.  Each  reach  is  divided 
into  nodes  or  grid  points  for  the  stream-hydraulics  module.  The  volume 
between  nodes  is  the  computational  element  for  the  stream  water-quality 
module . 

The  stream  discretization  scheme  has  several  programming  limita¬ 
tions.  For  a  water-auality  study,  these  limitations  are  as  follows: 

1.  41  points  at  which  the  channel  cross  section  can  be  defined. 

2.  100  elements. 

3.  105  nodes. 
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4.  10  inflows,  withdrawals,  and  nonpoint  source  zones,  including 
the  headwater  inflow. 

5.  10  reaches. 

These  limitations  can  be  overcome  usinq  the  magnetic  tape  interfaces 
to  transfer  information  for  the  downstream  model  runs. 

Multiple  model  applications  are  made  in  a  system  when  the  number 
of  measured  channel  cross  sections  exceeds  41;  the  number  of  inflows, 
withdrawals,  headwaters,  and  nonpoint  zones  exceeds  10;  or  when  chemical 
or  biological  characteristics  change.  Reaches  in  a  segment  are  defined 
when  control  structures  break  the  study  segment.  Control  structures  are 
low  water  dams,  rapids,  or  waterfalls  at  which  critical  depth  occurs. 

The  cross-sectional  properties  may  vary  over  the  lencrth  of  the  reaches 
defined  for  the  WQRRS  model. 

Each  reach  is  divided  into  an  even  number  of  elements  (Figure  5). 
Recommended  element  lengths  are  0.8-3. 4  kilometers  (0.5-2  miles).  Three 
different  element  lengths  mav  be  specified  in  any  reach. 

Two  options  are  available  to  specify  channel  geometry.  First, 
lateral  and  vertical  channel  coordinates  can  be  specified.  Second, 
elevation  versus  hydraulic  radius,  area,  and  top  width  can  be  specified. 

Location  of  point  sources,  the  headwater,  and  withdrawals  are 
specified  by  river  kilometer  or  mile.  Nonooint  zones  are  specified  by 
beginning  and  ending  river  kilometers  or  miles.  Point  inflows  cannot 
be  specified  in  the  last  element  of  a  reach,  and  nonpoint  source  zones 
should  begin  and  end  at  nodes. 

Reaches,  nodes,  elements,  and  inflows  are  specified  by  river 
kilometers  or  miles.  Measured  channel  cross  sections  are  specified  by 
river  kilometers  and  meters  between  cross  sections  (miles  and  feet).  All 
water-surface  elevations  and  cross-section  coordinates  are  referred  to 
a  common  vertical  datum,  usually  mean  sea  level.  The  model  accepts 
U.S.  customary  or  metric  units  and  converts  the  results  to  either  system 
if  needed. 

Hydrodynamic  representation 

The  stream-hydraulics  module  simulates  one-dimensional  steady, 
gradually  varied,  or  fully  dynamic  flows.  Six  options  are  available  for 
these  hydraulic  computations: 


1.  Hydraulic  backwater  solution  (steady  flow). 

2.  Complete  St.  Venant  equations. 

3.  Kinematic  wave  equations. 

4.  Direct  input  of  a  stage-flow  relationship  (steady  flow). 

5.  Muskinqum  hydrologic  routing. 

6.  Modified  Puls  hydrologic  routing. 

'"he  stream-hydraulics  module  solves  for  discharge  and  elevation  at  each 
node.  The  solution  technique  varies  according  to  the  routing  option. 

An  initial  time  step  is  specified,  but  the  proqram  checks  the  time  step 
and  decreases  it  if  convergence  does  not  occur. 

Water-quality  representation 

The  stream-oualitv  module  assumes  that  each  control  element  is 
well  mixed  and  that  aerobic  conditions  are  maintained.  The  solution  of 
the  water-quality  transport  equations  involves  a  system  of  linear 
equations  in  a  finite  difference  form  describing  water  quality  in  each 
stream  element.  The  resulting  equations  are  then  integrated  numerically 
in  time. 

Source  and  sink  terms  for  water-quality  variables  include  first- 
order  decay,  settling,  surface  flux  (reaeration  or  heat  transfer), 
chemical  transformations,  biological  uptake  and  release,  and  mortality. 
Groups  of  organisms  in  the  food  chain  are  simulated  with  sink  and  source 
terms  ^or  settling,  growth,  respiration,  mortality,  predation,  and  self- 
propulsion. 


An  extensive  set  of  water-auality  and  biological  parameters  are 


simulated 

by  the  WQRPS  model.  These 

parameters 

are  s 

1. 

Temperature. 

11. 

Phytoplankton  No.  1. 

2. 

no. 

12. 

Rhvtoplankton  No.  2. 

3. 

Carbonaceous  SOD. 

13. 

Zooplankton. 

4. 

Coliform  bacteria. 

14. 

Total  inorganic  carbon 

5. 

Organic  detritus. 

15. 

Alkalinity  as  CaCOy* 

6. 

Ammonia-nitrogen . 

16. 

Organic  sediment. 

7. 

Nitrate-nitrogen . 

17. 

Benthic  animals. 

8. 

Nitrite-nitrogen. 

18. 

Pish  No.  1 . 

9. 

Orthophosphate-ohosphorus . 

19. 

Fish  No.  2. 

10. 

Total  dissolved  solids. 

20. 

Fish  No.  3. 
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21. 

Suspended 

solids 

No. 

1. 

26. 

Inorganic  sediment 

22. 

Suspended 

solids 

No. 

2. 

27. 

Aquatic  insects. 

23. 

Suspended 

solids 

No. 

3. 

28. 

Benthic  alqae  No. 

24. 

Suspended 

solids 

No. 

4. 

29. 

Benthic  algae  No. 

25. 

Suspended 

solids 

No. 

5. 

30. 

Unit  toxicity. 

As  the  list  above  indicates,  the  WQRRS  model  simulates  a  DO,  nitrogen, 
carbon,  and  orthophosphate  balance  and  a  food  chain.  Figure  6  illustrates 
some  of  the  interactions  among  components.  Because  the  documentation 
does  not  specifically  state  what  combinations  of  these  variables  can  be 
modeled,  caution  is  advised  when  neglecting  some  components. 

Temperature  can  be  specified  or  simulated  by  two  methods:  the  heat 
budget  method  or  the  equilibrium  temperature  method.  Heat  exchange  with 
the  stream  bottom  is  considered.  Short-  and  long-wave  radiation  are 
calculated,  and  bank  shading  is  not  explicitly  considered. 

The  formulation  for  the  DO  balance  includes  atmospheric  reaeration, 
carbonaceous  BOD  decay,  nitrification,  photosynthesis,  respiration, 
detritus  decay,  and  organic  sediment  decay.  Reaeration,  BOD  decay, 
ammonia  decay,  nitrite  decay,  detritus  and  sediment  decay,  and  photo¬ 
synthesis  and  respiration  are  first-order  reactions.  Respiration  and 
photosynthesis  due  to  algae  are  considered  separate  from  respiration 
and  photosynthesis  of  the  other  biota. 

Ultimate  carbonaceous  BOD  (BODy^)  decay  is  approximated  as  a 
first-order  process  ignoring  benthic  sinks  and  sources.  Oxygen  demands 
associated  with  suspended  organic  particles  and  organic  sediments  are 
modeled  separately  as  first-order  processes  and  are  included  in  the  DO 
balance.  Thus  only  dissolved  BODujyr  is  simulated  with  the  BOD  mass 
balance  equation.  However,  the  results  should  not  differ  from  the 
standard  approach  of  modeling  a  combination  of  dissolved  and  suspended 
BOD  if  detritus  and  organic  sediment  decay  are  not  simulated.  The  water- 
quality  sampling  program  should  reflect  this  difference  when  detritus  and 
organic  sediment  simulation  is  necessary,  or  the  model  will  compensate 
for  detritus  decay  when  BOD  values  are  specified  as  negative  numbers. 

In  addition,  5-day  BOD  is  specified  as  input  data.  Details  of 
the  conversion  of  5-day  ROD  to  ultimate  BOD  are  lacking  in  Smith  (1978). 
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Figure  6.  Ecologic  and  water  quality  relationships  modeled  by  the 
WQRRS  model  (adapted  from  Smith,  1978) 
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However,  Dona  I*.  Smith*  notes  that  5-day  BOD  is  converted  to  ultimate  BOD 
in  the  DO  mass-balance  equation  using  a  constant  factor  of  1.46. 

Seven  reaeration  coefficient  options  are  available: 

1.  Direct  specification  of  K2« 

2.  Churchill,  Elmore,  and  Buckingham  equation. 

3.  O’Connor  and  Dobbins  equation. 

4.  Owens,  Edwards,  and  Gibbs  eauation. 

5.  Thackston  and  Krenkel  equation. 

6.  Langbein  and  Durum  equation. 

7.  Tsivoglou  and  Wallace  eguation. 

Benthic  interactions  are  modeled  in  detail.  Sediments  are  divided 
into  organic  and  inorganic  sediments.  The  formulation  describing  orqanic 
sediment  includes  the  decay  of  organic  sediment;  settling  of  detritus, 
algae,  particles  of  excrement,  and  dead  predators;  and  grazing  of  organic 
sediment  by  predators.  The  decay  of  detritus  and  organic  sediments 
releases  orthoohosphate ,  carbon,  and  ammonia  while  removing  DO  from  the 
water  in  the  stream.  Inorganic  suspended  solids  settle  to  become 
inorganic  sediment.  Inorganic  sediment  does  not  interact  with  other 
water-quality  parameters.  Neither  organic  or  inorganic  sediments  are 
resuspended  as  detritus  or  inorganic  solids. 

Three  types  of  aquatic  plants  and  three  types  of  aquatic  animals 
are  simulated.  Benthic  algae,  phytoplankton,  zooplankton,  fish,  benthic 
animals,  and  aquatic  insects  comprise  a  food  chain  that  is  linked  to  the 
DO,  nutrient,  and  organic  sediment  balances. 

The  formulated  carbon  balance  is  similar  to  the  DO  balance.  That 
balance  includes  CO2  exchange  through  the  water  surface;  release  of 
CO2  by  BOD,  detritus,  and  sediment  decay;  and  CO2  uptake  and  release 
bv  biota. 

The  nitrogen  balance  includes  organic  nitrogen  in  detritus, 
sediments,  and  biota;  ammonia;  nitrite;  and  nitrate.  Ammonia  and  nitrite 
decay  are  first-order  reactions.  Ammonia  is  consumed  and  released  by 
the  biota  and  released  by  the  decay  of  detritus  and  organic  sediment. 
Nitrate  is  consumed  bv  the  biota. 


The  orthophosphate  balance  includes  release  of  orthophosphate  by 
organic  sediments  and  detritus  decay.  In  addition,  the  biota  release 


and  consume  orthophosphate.  Inorganic  sources  of  orthophosphate  are 
ignored. 

The  WORKS  model  also  simulates  coliform  bacteria,  alkalinity, 
total  dissolved  solids,  and  unit  toxicity.  Coliform  bacteria  die-off  is 
simulated  as  a  first-order  process  while  alkalinity,  total  dissolved 
solids,  and  unit  toxicity  are  treated  as  conservative  substances. 

Program  utility 

The  input  and  output  data  are  well  organized  for  the  stream- 
hydraulics  module  and  the  stream-guality  module.  Both  modules  print 
input  data  and  provide  internal  checks.  Nevertheless,  one  problem  has 
been  noted.  The  stream-hvdraulics  module  is  not  well  suited  for 
calibration  based  on  travel  time  or  reach-averaged  deoth  and  velocity. 

To  use  these  calibration  criteria,  it  is  necessary  to  execute  both 
modules.  If  a  reach-averaged  depth  and  velocity  or  travel  time  summary 
was  given  in  the  stream  hydraulics  module,  it  would  be  possible  to 
calibrate  the  flow  model  before  executing  the  water-ouality  model. 

A  number  of  physical,  chemical,  and  biological  coefficients  are 
needed  to  execute  the  program,  but  default  values  can  be  used  for  prelim¬ 
inary  investioations.  Most  coefficients  can  be  specified  by  changing 
default  values  (e.g.,  temperature  coefficients  that  adjust  biological 
and  chemical  reaction  rates  can  be  specified  as  input  data). 

Despite  the  usefulness  of  this  default  option,  some  problems  occur 
in  specifying  coefficients.  Coefficients  are  specified  once  for  each 
study  seqment  and  cannot  be  varied  over  the  segment  even  if  multiple 
reaches  are  defined.  The  direct  specification  of  the  reaeration 
coefficient  is  an  exception  since  K2  is  specified  for  each  element. 

The  HEC  supports  the  worrs  model  on  the  University  of  California 
at  Berkeley  CDC-7600  computer  system,  a  source  deck  and  consultation 

can  be  requested  from: 

U.S.  Army  Corps  of  Engineers 

The  Hydrologic  Engineering  Center 

609  Second  Street 

Davis,  CA  ®5616 

(916-440-2105  or  FTS  449-210*) 
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MIT  Transient  Water-Quality  Network  Model 


Modeling  capability 

The  MIT  model  simulates  the  hydrodynamics  and  water  quality  of  an 
aerobic  estuary  or  river.  The  model  (Harleman  and  others,  1977)  was 
originallv  developed  for  nitrogen  limited  estuaries  but  use  has  been 
extended  to  riverine  conditions.  The  model  was  intended  to  assist  in 
resource  decisions  concerning  the  degree  of  eutrophication  due  to 
distributed  and  point  sources  of  nitrooen  in  estuaries. 

The  MIT  model  evolved  through  several  studies  at  MIT  and  was 
packaged  as  a  single  program  in  a  project  funded  bv  the  EPA.  These 
different  studies  resulted  in  a  combination  of  subroutines  that  lacks 
the  homogeneity  of  a  model  constructed  in  a  single  effort. 

The  MIT  model  solves  the  one-dimensional  continuity  and  momentum 
equations  for  stream  discharge  and  water-surface  elevation  as  a  function 
of  time  and  longitudinal  distance  from  the  beginning  Doint  of  the  study 
reach.  The  hvdraulic  modeling  results  are  used  in  the  solution  of  the 
conservation  of  mass  equations  for  water-oualitv  variables.  These 
eouations  are  solved  usino  an  implicit  finite  element  scheme.  Longitu¬ 
dinal  disoersion  terms  are  retained  in  mass  balance  equations  for  water 
quality. 

Geometric  representation 

The  MIT  model  will  simulate  a  complex  network  of  one-dimensional 
stream  channels.  This  simulation  can  also  include  flow  reversals  in  the 
svstem.  The  network  is  represented  bv  a  number  of  reaches  1  jstween  nodes 
in  which  cross-sectional  geometry  may  change.  These  reaches  are  broken 
into  computational  elements. 

Nodes  represent  the  junction  of  two  or  more  stream  branches  or  the 
beginning  of  a  stream  segment  (headwater),  ^e  stream  segment  between 
nodes  is  a  reach.  A  stream  segment  mav  be  broken  into  two  or  more 
reaches  bv  control  structures  (low-water  dam,  weir,  rapids,  or  waterfall), 
Modes  are  soecified  just  upstream  and  downstream  of  the  control.  The 
mit  model  is  also  caoable  of  simulating  water-surface  elevations  at 
controls. 
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Time  steps  and  computational  element  lengths  can  he  specified 
separately  for  the  hydrodynamic  solution  and  water-oualitv  solution. 
Element  lengths  can  be  varied  in  a  reach,  leading  to  better  resolution 
in  zones  where  concentration  mav  change  raoidlv. 

Channel  geometry  can  he  specified  by  several  options.  Channel 
shapes  mav  be  specified  as  rectangular,  trapezoidal,  circular,  or 
irregular.  A  variable  or  constant  top  width  may  be  specified  for 
irregular  channel  shapes.  Elevation  versus  too  width,  wetted  perimeter, 
and  cross-sectional  area  are  specified  for  the  irregular  channel  option. 
Related  options  allow  the  specification  of  ice  cover  and  permit  the 
separation  of  conveyance  and  storage  areas  in  the  channel. 

Limitations  on  the  number  of  nodes,  reaches,  inflows,  and  measured 
cross  sections  are  not  specified.  DIMENSION  and  COMMON  statements  must 
be  modified  to  fit  the  size  of  the  system  being  modeled  using  a 
preprocessor  program.  Harleman  and  others  (1977,  pp.  171-175)  offer  a 
program  to  change  the  dimensions  of  the  eighteen  variables  given  in 
Table  1.  To  conserve  storage  space,  the  program  dimensions  were 
originally  reduced  to  fit  the  example  problems  given  in  the  documentation. 
Normally  these  dimensions  will  need  to  be  increased  for  field  applications 

Inflows  into  the  system  are  specified  in  two  wavs.  Lateral  inflows 
are  used  when  the  volume  of  the  inflow  is  important.  Iniections  are 
used  to  speci^v  a  flux  of  water-oualitv  constituents  when  the  volume  of 
the  inflow  is  insignificant.  Point  sources  are  specified  as  lateral 
inflows  of  zero  width. 

Longitudinal  distances  are  specified  in  feet  from  the  upstream 
end  of  a  reach.  Elevations  are  given  in  feet,  usually  referred  to  mean 
sea  level,  n.s.  customary  units  are  used  bv  the  model. 

Hydrodynamic  representation 

The  MIT  model  uses  a  finite  element  technioue  to  solve  the  eauations 
of  momentum  and  continuity  for  discharge  and  water-surface  elevation 
at  each  mesh  point  between  elements.  The  hydrodynamic  solution  is  coupled 
with  salinity  computations,  '’’his  solution  technioue  is  limited  to  sub- 
critical  one-dimensional  reversing  flows. 


Convergence  of  the  solution  is  controlled  by  the  specified  time 


No 


Variable 


ne^inition 


1  kjh  Maximum  number  of  hydraulic  mesh  Doints  in  a  network 

2  kji  Maximum  total  of  table  entries  for  comoutational 

channel  cross-section  data 

3  kjg  Maximum  number  of  water-auality  mesh  ooints  in  a 

network 

4  nk  Maximum  number  of  reaches  in  a  network 

5  nl  Maximum  number  of  lateral  inflows  in  a  network 

6  nil  Maximum  number  of  table  entries  for  lateral  inflows 

7  nza  Maximum  number  of  table  entries  for  hydraulic 

boundary  conditions 

8  ncf  Maximum  number  of  table  entries  for  water-auality 

boundary  conditions 

8  nj  Maximum  number  of  iniection  points 

10  nii  Maximum  number  of  table  entries  for  injection  points 

11  In  Maximum  number  of  constituents 

12  njh  Maximum  number  of  hydraulic  mesh  ooints  oer  reach 

13  nja  Maximum  number  of  water-auality  mesh  points  oer  reach 

14  nn  Maximum  number  of  nodes  (>nk  +  1 ) 

15  nara  Maximum  number  of  time  graphs  and  hydrodynamics 

or  aualitv  graphs 

16  npro  Maximum  number  of  profiles 

17  ntem  Maximum  number  of  table  entries  for  meteorological 

conditions 

18  matr  Maximum  number  of  elements  in  banded  node  matrix. 

Maximum  value  (full  matrix)  =  (2  •  no.  reaches  + 
no.  nodes)2.  For  large  systems,  reduction  may  be 
worthwhile.  Output  will  give  actual  size  reouired. 


*  Adapted  from  Harleman  and  others  ( 1877) 


step.  The  choice  of  time  steps  and  mesh  spacinq  is  based  on  competinq 
criteria.  Computinq  time  is  minimized  when  the  time  step  and  element 
length  are  maximized.  Resolution  of  detail  usually  improves  as  the  time 
step  and  element  length  are  decreased.  Computing  cost  and  resolution 
have  to  be  balanced. 

Since  the  water-gualitv  predictions  are  highly  dependent  on 
hydraulic  conditions,  the  hydrodynamic  model  should  be  calibrated 
(Harleman  and  others,  1977).  The  MIT  hydrodynamic  model  is  calibrated 
by  varying  the  Manning's  roughness  coefficient. 

Water-quality  representation 

Mass  balance  equations  for  each  water-auality  constituent  are 
also  solved  using  finite-element  techniques.  A  mass-balance  equation 
for  each  water-quality  constituent  is  written  for  each  element  between 
mesh  points.  The  mass  balance  considers  dispersion,  advection,  sources, 
and  sinks. 

The  MIT  model  simulation  primarily  involves  variables  that  affect 
the  DO  and  nitrogen  balance.  The  followinq  water-quality  constituent 
qroups  are  modeled: 

1.  Salinity. 

2 .  Tempe  r atur e . 

3 .  Carbonaceous  ROD . 

4.  DO. 

5.  Fecal  coliform  bacteria. 

h.  Nitrogen  cycle  consisting  of; 

a_.  Ammonia-nitrogen. 

b.  Nitrite-nitrogen. 

c.  Nitrate-nitroqen. 

d.  Phytoplankton-nitrogen. 

e.  7ooolankton-nitrogen. 

_f.  Particulate  orqanic-nitrogen. 

<j.  Dissolved  organic-nitrogen. 

Reaction  rates  for  ROD,  nitroqen,  fecal  coliform  bacteria,  and  reaeration 
are  corrected  for  temperature.  BOD  and  the  nitrogen  cycle  are  couoled 
to  the  solution  of  the  DO  equation. 

Temperature  can  be  modeled  with  the  one-dimensional  heat  conservation 


eouation  or  can  be  directly  specified  as  input  data.  The  temperature 
simulation  includes  the  heat  flux  through  the  water  surface  and  the  heat 


content  of  tributaries  and  non-Doint  sources.  Heat  exchange  with  the 
channel  bottom  and  bank  shading  are  assumed  to  be  negligible.  Reouired 
meteorological  data  include  a  record  of  ambient  air  temperature,  relative 
humidity,  wind  velocity  at  two  meters  (6.56  feet)  above  the  water  surface, 
net  flux  of  solar  radiation,  net  flux  of  atmospheric  radiation,  atmo¬ 
spheric  pressure,  and  temperature  and  volume  of  inflows. 

Oxvgen  concentrations  of  inflows  are  soeci^ied  as  input  data  and 
converted  to  oxygen  deficits  by  the  model.  The  formulation  for  the 
oxvgen  deficit  includes  disnersion;  oxidation  of  ROD,  ammonia,  and  nitrite 
atmospheric  reaeration;  and  tributary  oxygen  deficit.  Carbonaceous  ROD 
decay  is  simulated  with  a  first-order  reaction. 

Calculation  of  the  reaeration  coefficient  is  one  of  the  model 
limitations.  The  calculation  of  the  reaeration  coefficient  is  limited 
to  the  following  form, 

n.6 

K  =  C(0(T~?O))  - -  H  —  (4) 

„1.4  A 

in  which  T  =  temoerature,  degrees  Centigrade 

V  =  average  velocity,  feet  per  second 
H  =  average  depth,  feet 
R  =  total  top  width,  feet 

A  =  total  cross-sectional  area,  sguare  feet 
C  =  constant,  default  value  =  10.86 

0  =  temperature  correction  coefficient,  default  value  =  1.016 
The  nitrogen  cycle  is  simulated  using  the  seven  forms  of  nitrogen 
illustrated  in  figure  7.  These  forms  include  ammonia,  nitrite,  nitrate, 
phytoplankton,  zooplankton,  particulate  organic  nitrogen,  and  dissolved 
organic  nitrogen.  Seven  transformations  of  these  nitrogen  forms  are 
modeled.  Ammonia  is  converted  to  nitrate,  through  nitrite,  bv  nitrifying 
bacteria  that  utilize  DO.  Ammonia  and  nitrate  are  utilized  by  ohvto- 
olankton.  Zooplankton  grazing  converts  phytoplankton-nitrogen  to 
zooplankton-nitrogen.  Organic  nitrogen  is  released  by  two  processes: 


DISV.  ORGANIC— N I  —  AMMONIA— N  NITRITE— 


Nitrogen  cycle  modeled  by  the  MIT  model  (adapted  from 
Harleman  and  others,  1977) 


organic  nitrogen  is  excreted  by  living  zooDlankton  and  phytoplankton ,  and 
cells  die  and  become  a  source  of  organic  nitrogen.  The  model  simulates 
the  conversion  of  phytoplankton  to  particulate  and  dissolved  organic 
nitrogen  and  zooplankton  to  particulate  organic  nitrogen,  ^articulate 
organic  nitrogen  conversion  to  dissolved  orqanic  nitrogen  is  simulated 
as  is  the  hydrolysis  of  dissolved  orqanic  nitroqen  to  ammonia  to  complete 
the  nitrogen  cycle.  Coefficients  control  the  rate  of  each  conversion. 

fecal  coliform  bacteria  are  simulated  using  a  first-order  reaction 
with  inputs  from  tributaries  and  waste  sources  (injections).  Salinity 
is  simulated  as  a  conservative  substance. 

Program  utility 

The  input  data  are  extensive  and  complex,  but  codinq  forms, 
detailed  instructions,  and  examples  simplify  coding.  Extensive  internal 
checks  are  made  to  determine  if  program  dimensions  are  sufficient. 

Results  are  organized  efficiently  in  tables. 

The  program  can  first  be  run  without  a  complete  execution  to  check 
the  input  data.  This  is  a  useful  option  to  debug  input  data  without 
increasing  computing  cost.  The  model  also  has  the  option  to  execute  the 
hydraulic  solution  without  going  through  water-gualitv  calculations. 

Allowing  or  forcinq  a  user  to  enlarge  the  proqram  limits  adds 
flexibility  that  is  offset  by  the  need  to  apply  the  preprocessing  program, 
when  the  model  is  used  on  computer  systems  that  do  not  accept  the 
preprocessing  program  or  do  not  have  an  equivalent  utility  program, 

4,44S  cards  or  lines  must  be  sorted  or  edited  to  find  and  modify  COMMON 
and  DIMENSION  statements. 

The  program  does  not  plot  the  results,  but  an  option  is  available 
to  write  results  to  a  file.  This  file  can  then  be  plotted  using  a  post¬ 
processing  program  suggested  by  Harleman  and  others  (1977). 

The  user  is  required  to  determine  the  time  step  and  element  length 
which  may  be  a  disadvantage  to  the  occasional  user.  When  working  with 
irregular  cross  sections,  the  user  must  have  a  good  understanding  of  the 
stability  of  numerical  solution  schemes.  The  mit  model  does  not  check 
for  convergence  and  the  documentation  hints  that  some  art  is  involved 
in  choosing  time  steps.  Even  the  steady-state  solution  is  susceptible 
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to  numerical  oscilliations  of  discharge  and  denth  in  the  longitudinal 
direction  as  noted  from  this  work. 

In  the  time  frame  of  this  study,  the  m.it  model  could  not  be 
implemented  because  of  these  numerical  instabilities.  The  source  program 
was  comniled  on  an  IRM  3033  computer  and  checked  with  example  steady-flow 
river  data  given  in  the  documentation.  Those  results  were  the  same  as 
the  results  listed  in  Harlemann  and  others  (1077). 

The  model  was  then  applied  to  data  collected  on  the  Chattahoochee 
River  in  Georgia  (to  be  described  later).  The  program  reiected  the  field 
data  because  limits  in  DIMENSION  and  COMMON  statements  were  too  small. 

The  redimensioning  program  recommended  by  the  documentation  was  aoolied; 
the  program  was  comoiled  once  more;  and  then  the  compiled  version  was 
rechecked  with  the  example  data. 

After  the  inout  Chattahoochee  data  were  corrected,  the  model  ran 
without  declaring  DIMENSION  and  COMMON  statements  out  of  bounds.  The 
water-ouality  solution  was  turned  off  to  check  the  hydraulic  solution. 

The  hydraulic  solution  converged  but  was  unstable  longitudinally  for  a 
steady  river  flow.  Continuity  was  not  preserved. 

This  instability  persisted  despite  some  corrective  measures. 

Element  lengths  or  mesh  spacing  and  time  steos  were  varied  over  a  wide 
range  with  limited  effect.  Next,  all  inflows  and  withdrawals,  except 
the  headwater,  were  removed,  and  the  study  segment  was  reduced  to  a 
short  simple  reach.  Finally,  the  channel  geometry  was  greatly  simplified 
Despite  these  measures,  the  longitudinal  instability  in  the  hydraulics 
solution  remained  without  significant  change. 

It  was  unclear  why  this  instability  persisted.  Possibilities 
include  input  data  error,  time-step  and  mesh-spacing  error,  or  nrogram 
error.  While  it  was  likely  that  an  error  was  made  in  snecifying  the 
time-step  or  other  data,  it  was  possible  that  the  steady-flow  river 
options  have  not  been  fully  tested.  This  writer  has  not  been  able  to 
locate  published  accounts  in  which  the  MIT  model  has  been  applied  to 
nontidal  steady  upland  streams. 

The  MIT  model  is  written  in  Fortran  IV.  The  program  has  4,445 
statements  and  47  subroutines.  The  model  has  been  applied  using  the 


MIT  computing  system,  the  Tennessee  Valley  Authority  CDC  system,  and  the 

D. S.  Department  of  Energy  IBM  370  system  in  Washington,  D.C.  The  source 

code  and  documentation  can  be  reauested  ^rom  the  following  address: 

Corvallis  Environmental  Research  Laboratory 
Office  of  Research  and  Development 
U.S.  Environmental  Protection  Agency 
Corvallis,  OR  97330 


Models  Comparison 


Modeling  capabilities 

Table  2  summarizes  the  previous  sections  on  model  capabilities  and 
offers  a  comparison  of  these  capabilities.  The  comparison  is  divided 
into  three  sections  that  include:  (1)  hydraulics  computation  schemes; 

(2)  water-quality  computation  schemes;  and  (3)  program  utility.  The 
first  section  compares  hvdraulic  regimes,  discretization  schemes,  and 
hydrodynamic  solution  techniques.  The  second  section  compares  the 
water-gualitv  solution  schemes,  the  constituents  that  are  modeled,  and 
the  sinks  and  sources  for  each  constituent.  The  third  section  compares 
the  utility  of  each  model  by  outlining  the  usefulness  of  input  data 
and  results  and  by  describing  the  general  utility  of  each  program. 

Although  each  model  was  designed  to  simulate  different  ranges  of 
conditions  with  formulations  of  differing  complexity,  the  models  have  in 
common  the  capability  to  simulate  water  quality  under  conditions  of  steady 
flow  and  constant  inflow  of  water-gualitv  loads,  making  it  possible  to 
compare  modeling  results.  The  difference  in  model  complexity  depends 
on  the  capabilities  of  each  model.  The  models  can  be  ranked  in  order  of 
least  complex  to  most  complex  as  Streeter-Phelps ,  QUAL  II,  MIT,  and 
worrs.  The  Streeter-Phelps  model  is  designed  to  simulate  steady-state 
water  quality  that  occurs  during  critical  low-flow  periods  that  last 
from  several  days  to  one  or  two  months.  Stream  temperature  and  hydraulics 
are  not  simulated  and  must  be  specified.  The  OUAL  II  model  can  simulate 
conditions  of  steadv  flow  and  water  quality  for  critical  low-flow  periods 
plus  simulate  diurnal  variation  of  water  quality  due  to  changes  in 
meteorological  conditions.  The  mit  model  was  designed  for  dynamic  and 
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steady-state  simulation  of  flow  and  water  quality  in  nitrogen-limited 
waters  for  time  periods  on  the  order  of  days  to  months.  The  WORRS  model 
simulates  dynamic  and  steady-state  flow  and  water  quality  for  periods 
up  to  a  year.  The  water-quality  simulation  of  the  WORRS  model  covers 
the  widest  ranqe  of  interacting  constituents  of  the  four  models  evaluated. 
Carbon,  nitrogen,  and  DO  cycles,  in  addition  to  the  food  chain,  are 
simulated  by  the  WQRRS  model.  Unfortunately,  the  data  available  for 
this  study  were  limited  to  steady  flow  and  water  quality.  Thus,  only 
part  of  the  range  of  the  dynamic  model  capabilities  were  utilized. 
Hydraulics  modeling 

The  Streeter-Phelos  model  does  not  predict  hydraulic  conditions. 
Instead,  time  of  travel  or  reach-averaged  velocity  must  be  specified. 

In  addition,  the  discretization  scheme  allows  the  model  to  accurately 
represent  the  streams. 

The  OUAL  II  model  can  simulate  steady  low  flow  in  streams  by  one 
of  two  options.  Velocity  and  depth  are  computed  as  simple  functions  of 
discharge  or  a  trapezoidal  cross  section  is  assumed  and  velocity  and 
depth  are  derived  from  a  trial-and-error  solution  of  the  Manninq  equation. 
The  discretization  scheme  allows  simulation  of  multiple  branched  streams 
but  is  limited  by  the  requirement  that  all  reaches  must  consist  of  an 
integer  number  of  equal  length  elements. 

The  WORRS  model  simulates  steady  or  unsteady  discharge  with  six 
different  options.  In  addition  to  simulating  vertically-stratified  lakes, 
the  model  simulates  stream  networks  that  may  include  reversing  direction 
of  flow.  The  discretization  scheme  can  accurately  depict  stream  geometry 
but  is  limited  to  41  channel  cross  sections  and  in  inflows,  withdrawals, 
and  nonpoint  source  zones  for  water-quality  simulation. 

The  MIT  model  was  formulated  to  simulate  steady  and  unsteady  flows 
in  rivers  and  estuaries  using  a  form  of  the  continuity  and  momentum 
equations  solved  by  a  finite  element  technique.  The  MIT  model  formulation 
offers  the  flexibility  of  allowing  the  user  to  determine  discretization 
limits  but  forces  the  user  to  make  coding  changes  for  DIMENSION  and 
COMMON  statements,  variable  element  lengths  allow  an  accurate  represen¬ 


tation  of  stream  geometry. 


Stream  ecology  ami  water-quality  modeling 

All  tour  models  have  the  capability  to  simulate  DO,  SOD,  ammonia, 
nitrite,  nitrate,  and  coliform  bacteria.  In  addition  to  these  common 
components,  each  model  has  a  wide  range  of  other  capabilities,  some  of 
which  are  unigue  among  these  four  models. 

Each  model  simulates  water-guality  constituents  using  a  mass 
balance  in  each  element.  However,  the  models  treat  longitudinal 
dispersion  differently  and  include  different  sinks  and  sources.  The 
Streeter-Phelps  model  neglects  dispersion,  mhe  OUATj  II  model  under¬ 
predicts  dispersion  using  Elder's  eguation  for  straight  infinitely  wide 
channels.  The  WORRS  model  includes  dispersion,  but  no  details  are  given 
of  how  it  is  computed.  The  Mim  model  formulation  potentially  offers  the 
greatest  flexibility  in  computing  dispersion.  An  estuarv  dispersion 
parameter  and  Taylor's  dispersion  coefficient  can  he  specified. 

The  OTTATj  IX,  WORRS,  and  MIT  models  were  formulated  to  simulate 
temperature,  whereas  the  Streeter-Rhe.lps  model  was  not.  The  QtJAL  II  and 
MIT  model  formulations  do  not  include  the  moderating  effect  of  a  heat 
flux  to  the  bed.  In  addition,  the  MIT  model  was  not  designed  to 
simulate  solar  and  atmospheric  radiation,  the  DUAL  II  and  WQRRS  models 
neglect  tree  shading,  but  the  Mim  model  was  formulated  to  include  tree 
shading  effects  in  that  net  solar  radiation  is  reguired  data.  When 


solar  radiation  is  estimated  or  measured,  the  estimate  or  measurement 
should  include  effects  of  tree  shading,  overall,  the  wpRRS  temperature 
submodel  offers  the  greatest  flexibility  and  accuracy.  The  OUAL  II 
model  is  simplest  to  apply  to  steady-state  temperature  modeling. 

The  DO  formulation  for  the  Streeter-Phelps ,  OiJAL  II,  and  WORRS 
models  are  similar.  Each  considers  reaeration,  ROD  decay,  nitrification 
photosynthesis,  respiration,  and  benthic  demand.  The  MIT  model  was 
limited  to  a  DO  formulation  that  considered  reaeration,  ROD  decay,  and 
nitrification.  Despite  the  fact  that  the  nitrogen  content  of  phyto¬ 
plankton  and  zooplankton  were  included  in  the  formulation  for  nitrogen, 
photosynthesis  and  respiration  effects  on  the  DO  balance  were  not 
mentioned  in  Rguation  3.2Q  of  the  mit  model  documentation  (Harleman 
and  others,  1977,  p.  SO).  Rguation  3.29  did  include  a  constant  source 


or  sink  term  that  could  be  used  to  specify  mean  photosynthesis, 
respiration,  or  benthic  demand.  However,  the  documentation  does  not 
qive  details  on  how  to  specify  that  term  in  the  input  data,  indicatinc? 
that  the  computer  code  may  not  make  allowances  for  these  additional 
sources  or  sinks. 

The  Streeter-Phelps,  OTJAT.  II,  and  Wrrs  models  are  flexible  enouqh 
to  predict  or  allow  specif ication  of  K2.  The  WORRS  model  allows 
specification  of  reaeration  at  a  point  such  as  rapids,  dams,  and  water¬ 
falls,  and  reaeration  of  tributary  inflows  between  measurement  points 
and  the  actual  entrance  into  the  main  stem.  Point  reaeration  can  be 
simulated  with  a  short  reach  using  the  Streeter-Phelps  model  or  an  inflow 
with  hiqh  DO  usinq  the  Streeter-Phelps  model  or  the  OtiAL  II  model. 

The  MIT  model  formulation  for  K2  was  limited  to  Equation  4  (or 
see  Table  2  under  reaeration  for  the  MIT  model ) .  Specification  of  K2 
is  not  an  option,  but  limited  control  is  available  to  determine  K2  by 
specifying  the  coefficient  C  in  Fauation  4  (see  page  49) . 

ROD  decay  is  treated  as  a  first-order  process  in  all  four  models. 

The  Mim  model  was  formulated  to  neglect  benthic  interactions.  The 
Streeter-Phelos  and  QUAL  II  models  treat  sources  and  sinks  of  ROD  as  a 
first-order  process.  No  allowance  is  made  to  simulate  the  scour  or 
release  of  ROD  from  benthos  at  a  constant  rate.  The  wpRRS  model  simulates 
dissolved  ROD,  detritus,  and  orqanic  sediment.  Dissolved  ROD  and  detritus 
plus  orqanic  sediment  decay  at  different  first-order  rates. 

The  Streeter-Phelps  and  OIJAL  II  models  simulate  benthic  DO  demand 
or  sediment  oxygen  demand  with  a  constant  rate.  The  wpRP.S  model  couples 
organic  sediment  decay  and  benthic  plant  photosynthesis  and  respiration 
to  the  DO  balance.  The  mit  model  was  designed  so  that  benthic  inter¬ 
actions  with  DO  were  neglected. 

For  the  Streeter-Phelps  model,  net  daily  primary  productivity  and 
chlorophyll  a  concentrations  can  be  specified.  Neither  are  simulated 
and  chlorophyll  a  only  affects  orthophosphate  concentrations.  The  ptJAI,  II 
model  simulates  phvtoplankton  and  primary  productivity.  The  oital  II 
phytoplankton  submodel  links  phvtoplankton  qrowth  to  levels  of  liqht, 
nitrate,  and  orthophosphate.  The  WORRS  model  simulates  benthic  alqae. 
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phytoplankton,  zooplankton,  aquatic  Insects,  fish,  and  benthic  animals. 
These  WQRRS  model  components  are  linked  to  DO,  nitrogen,  carbon,  and 
phosphorus  balances.  The  MIT  model  was  formulated  to  simulate  ohvto- 
plankton  and  zooplankton  effects  on  the  nitrogen  balance. 

There  are  also  a  number  of  other  capabilities.  Except  for  the  MIT 
model,  all  the  models  were  formulated  to  simulate  orthophosphate.  The 
Streeter-Phelps  and  QUAL  II  models  simulate  three  arbitrary  conservative 
substances.  The  Streeter-Phelps  model  simulates  anoxic  conditions.  The 
OUAL  II  model  simulates  one  arbitrary  non-conservative  substance  and 
computes  flow  augmentation  and  ROD  reduction  needed  for  point  sources  to 
meet  specified  levels  of  DO  in  the  stream  being  simulated.  The  OUAL  II 
model  also  makes  diurnal  predictions  of  water  ouality  given  a  record  of 
meteorological  data.  The  WORRS  model  simulates  organic  and  inorganic 
sediments?  unit  toxicity;  and  pH,  alkalinity,  and  inorganic  carbon.  The 
MIT  model  was  formulated  to  simulate  salinity. 

Program  utility 

Data  coding  requirements  and  the  usefulness  of  the  four  models  are 
related  to  the  manner  in  which  the  models  are  applied.  The  Streeter- 
Phelps  and  QUAL  II  models  are  well  adapted  for  steady-state  modeling. 

The  WQRRS  model  is  best  adapted  for  dynamic  modeling  of  stream  water- 
quality.  The  MIT  model  was  designed  to  simulate  water  quality  in 
nitrogen- limited  estuaries.  The  added  dynamic  modeling  capabilities  of 
the  mit  and  WQRRS  models  make  it  much  more  difficult  to  code  data  and 
calibrate  the  models  to  simulate  steady-state  water  quality. 

In  terms  of  program  utility,  the  QUAL  II  model  is  very  good.  The 
documentation  offers  the  necessary  detail  about  the  theory  and  formulation 
of  the  model  in  one  section  (Roesner,  Giguere,  and  Evenson,  1977A)  and 
describes  the  use  of  the  model  and  gives  coding  sheets  and  instructions 
in  a  second  section  (Roesner,  Giguere,  and  Evenson,  1977b).  Perhaps  the 
OUAL  II  documentation  is  one  of  the  best  examples  of  how  documentation 
for  models  should  be  written. 

The  data  codinq  formats  are  well  organized  and  the  QUAL  II  model 
makes  numerous  checks  o*  the  data.  The  printed  results  are  also 
efficiently  organized  and  options  are  available  to  suppress  unwanted 
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output.  However,  without  an  option  to  plot  results  anil  measurements, 
calibration  can  be  tedious.  Nevertheless,  other  versions  of  the  DUAL  II 
model  make  allowances  to  plot  the  results. 

The  Streeter-Phelos  model  documentation  lacks  some  detail  on  model 
formulation  and  codinq  instructions.  However,  two  qood  example  appli¬ 
cations  compensate  for  some  lack  of  detail.  Care  must  be  exercised  in 
codinq  and  checkinq  the  data  because  data  codinq  formats  are  inefficient 
and  the  model  does  not  check  the  coded  data.  Model  output  is  lenqthv 
but  the  results  are  efficiently  summarized  in  plots  of  results  and 
measurements  that  qreatly  simplify  model  calibration. 

The  WDRRS  model  documentation  is  also  vaque  in  some  areas.  A  model 
listinq  and  codinq  sheets  are  not  given.  The  example  simulation  seems  to 
be  based  on  hypothetical  or  idealized  data.  However,  the  proqram  listing 
is  available  upon  request,  a  common  data  coding  format  and  detailed 
instructions  simplify  coding,  and  separate  reports  describing  actual  field 
applications  are  available  to  compensate  for  these  minor  deficiencies. 

The  model  checks  the  coded  data  and  adjusts  the  time  step  to  converge  to 
a  stable  condition. 

The  MIT  model  documentation  also  lacks  some  detail,  especially  in 
how  to  implement  the  model.  The  choice  of  the  time  step  and  mesh  spacing 
requires  some  experience  in  dynamic  flow  routing  simulation.  Codinq 
sheets  compensate  for  the  lack  of  detailed  instructions  for  data  coding. 

Based  on  the  model  documentation,  the  MIT  model  seems  best  adapted 
to  modeling  water  quality  in  estuaries  in  which  phytoplankton  is  nitrogen 
limited,  benthic  interactions  are  insiqnif icant,  and  reaeration  is  not 
very  important.  The  WORRS  model  seems  best  adapted  to  dynamic  stream 
water-quality  modelinq.  Steady-state  modeling  with  these  dynamic  models 
is  tedious  and  cannot  be  justified  unless  the  simulation  of  benthic  alqae 
and  other  aquatic  plants  and  animals,  pH,  inorganic  carbon,  suspended 
sediment,  or  organic  sediment  is  necessary.  The  pUAL  II  model  simulates 
diurnal  variations  of  water  quality  for  steady  discharge.  The  model  also 
has  the  added  flexibility  of  modeling  one  arbitrary  nonconservative  and 
three  conservative  substances.  Both  the  PUAL  II  and  Streeter-Phelps 
models  are  well  adapted  to  steady-state  conditions.  The  Streeter-Phelps 
model  simulates  nitrogenous  BCD  and  anoxic  conditions. 


PART  IV:  HFSCRIPTION  OF  FIELD  DATA 


Data  Rase 


Selection  criteria 

An  important  aspect  oF  this  model  comparison  study  involved  applvina 
each  model  to  a  common  data  base  collected  under  actual  field  conditions. 
That  data  base  was  formed  from  three  data  sets  derived  from  USGS  studies 
usincr  the  following  criteria.  First,  the  study  had  to  be  an  intensive 
synoptic  data-collection  effort  that  collected  high  quality  data.  Second, 
the  three  data  sets  had  to  cover  a  wide  range  of  physical,  chemical,  and 
biological  conditions.  Third,  the  widest  possible  geographic  distribution 
was  desired.  Fourth,  the  data  sets  had  to  provide  the  information 
necessary  to  applv  each  of  the  four  models,  including  channel  geometry  ^or 
the  dynamic  models.  Fifth,  data  were  chosen  so  that  as  many  as  possible 
independent  determinations  of  model  coefficients  were  available.  Finallv, 
calibration  and  verification  reauired  at  least  two  independent  data- 
collection  surveys  in  each  river  study.  mhe  calibration  data  were 
necessary  to  derive  criteria  for  the  choice  of  model  coefficients.  The 
indeoendent  verification  data  were  used  to  test  the  predictive  canabi.’itv 
of  models  after  calibration. 

Unfortunately,  the  data  base  was  limited  to  steady-state  conditions. 
Dynamic  water-quality  data,  adequate  for  model  evaluation,  could  not  be 
located.  Therefore,  the  dynamic  models  considered  in  this  evaluation 
were  used  to  simulate  the  steady  conditions  described  by  the  data. 

Selected  data 

Based  on  these  criteria,  data  sets  collected  on  the  Chattahoochee 
River  in  Georgia,  Willamette  River  in  Oregon,  and  Arkansas  River  in 
Colorado  were  selected.  The  Chattahoochee  and  Willamette  River  studies 
were  river-quality  assessments  in  which  the  usGS  studied  a  wide  range  of 
water-quality  problems,  developing  and  verifying  new  methods  of  sampling, 
analysis,  and  evaluation  as  needed.  The  Arkansas  River  study  was  a 
cooperative  study  undertaken  by  USGS  nersonnel. 

These  studies  of  the  Willamette  River  between  Salem  and  Portland, 
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Oregon;  the  Chattahoochee  River  between  Atlanta  and  Whitesburg,  Georgia; 
and  the  Arkansas  River  between  Pueblo  and  Nepesta,  Colorado,  covered  a 
wide  range  of  conditions.  During  these  critical  flow  studies,  the 
Willamette  River  had  high  discharge,  great  depth,  low  velocity,  and  mild 
bed  slope.  The  Arkansas  River  had  high  velocity,  steep  bed  slope,  low 
discharge,  and  shallow  depth.  The  Chattahoochee  River  had  moderate 
depth  and  bed  slope. 

Each  study  has  a  unique  set  of  measurements  useful  for  testing 
model  options.  The  Willamette  River  had  significant  benthic  oxygen 
demand  in  the  lower  reaches.  The  Chattahoochee  River  received  loadings 
of  organic  nitrogen  and  ammonia  that  were  oxidized  to  nitrate  that  builds 
up  in  the  stream.  In  the  Arkansas  River,  reaeration  coefficients  were 
measured,  and  5-day  BOD  was  approximately  equal  to  ultimate  BOD. 

Decay  rates  of  BOD  were  low  for  the  Willamette  and  Chattahoochee 
rivers  and  high  for  the  Arkansas  River.  The  Willamette  River  stayed  at 
a  steady  state  for  1-  to  3-month  periods.  The  normal  hydropower 
generation  schedule  for  the  Chattahoochee  River  was  modified  to  maintain 
2  to  4  days  of  steady  flow  for  the  four  study  periods.  At  low  flow 
(2.8  cubic  meters  per  second  or  100  cubic  feet  per  second),  over  half 
the  flow  in  the  Arkansas  River  was  due  to  a  municipal  waste  source, 
making  mild  fluctuations  from  steady  state  in  the  waste  source  more 
important  to  in-stream  water  quality. 

Chattahoochee  River-Quality  Data 


Chattahoochee  River  studies 

The  Chattahoochee  River  in  Georgia  has  been  the  subject  of  an 
intensive  river-quality  assessment  undertaken  by  the  USGS.  This  three- 
year  study  was  one  of  several  demonstration  projects  designed  to  assess 
and  provide  information  concerning  the  water  resources  of  the  Nation's 
rivers.  The  specific  purpose  of  this  study  was  to  assess  point  and 
nonpoint  source  pollution  effects  on  river  DO  levels  and  phytoplankton 
populations  in  West  Point  Lake  (Stamer  and  others,  1979),  an  impoundment 
downstream  of  the  study  segment. 


Stainer  and  others  (1979)  studied  the  DO  content  in  the  Chattahoochee 
River  between  Atlanta  and  Whitesburg,  Georgia.  Data  were  collected 
Julv  11-12,  1976;  August  29-31,  1976;  September  5-8,  1976;  and  Mav  30  - 
June  2,  1977  to  identify  and  estimate  the  effects  of  point  and  nonpoint 
sources.  A  steady-state  Velz  water-auality  model  was  calibrated,  verified 
using  independent  data  sets,  and  then  used  to  predict  future  water  quality 
for  a  number  of  resource  management  alternatives.  The  predictions 
included  increased  waste  loads  expected  from  the  growth  of  the  Atlanta 
metropolitan  area. 

Other  studies  focused  on  transient  flows  in  the  Chattahoochee 
River.  Johson  and  Keefer  (1979)  modeled  transient  flows  and  temperatures 
below  Buford  Dam,  a  peaking  power  facility.  Dye  concentrations, 
temperature,  and  discharge  were  accurately  simulated,  but  other  water- 
quality  constituents  were  not  measured  or  simulated. 

Fave,  Jobson,  and  Land  (1979)  studied  the  thermal  and  flow  regimes 
of  the  Chattahoochee  River  between  Atlanta  and  Whitesburg,  Georgia. 

Dynamic  simulation  of  temperature  and  flow  led  the  authors  to  conclude 
that  waste  heat  from  coal-fired  power  plants  near  Atlanta  balanced  cold 
water  discharged  upstream  at  Buford  Dam.  Resulting  mean  annual 
temperatures  of  the  combined  effects  were  within  0.5  degrees  Centigrade 
(1  degree  Fahrenheit)  of  natural  temperatures.  The  unsteady  operation 
of  Buford  Dam  led  to  larger  temperature  variations  than  those  expected 
under  natural  conditions. 

Miller  and  Jennings  (1979)  and  Miller  (1981)  simulated  the  steady- 
state  water  quality  of  the  Chattahoochee  River  usinq  the  Streeter-Phelps 
model.  Their  studies  focused  on  the  nitrogen  and  DO  balance  ot  the 
river.  McConnell  ( 1979)  studied  the  aualitv  of  urban  runoff  into  the 
Chattahoochee  River. 

The  complete  water-aualitv  data  set  collected  during  the 
Chattahoochee  river-auality  assessment  can  be  retrieved  from  the  WATSTORE 
data  management  system  of  the  TISGS  (TT.S.  Geological  Survey,  1977). 

WATSTORE  entries  are  transferred  to  the  ERA  data-manaoement  system  STORET 
on  a  weekly  basis.  Edwards  (1980)  describes  the  overall  water  data- 
management  network  that  includes  WAmsTORE  and  STORET.  Data  retrieval  by 


any  interested  party  is  possible  for  a  nominal  charge  at  41  locations 
nationwide. 

Basin  description 

The  upper  Chattahoochee  River  lies  within  the  Atlanta  Plateau  of 
the  southern  Piedmont  physiographic  province  (Pave,  Jobson,  and  Land, 
1979).  The  topography  is  characterized  by  low  hills  separated  by  narrow 
valleys.  Small  mountains  not  exceeding  610  meters  (2,000  feet)  in 
elevation  are  found  along  the  northern  divide  in  the  Blue  Ridge  Mountains 
Mean  basin  elevation  is  about  305  meters  f 1,000  feet).  The  basin  above 
West  Point  Dam  has  5,158  sauare  kilometers  (1,990  square  miles)  of  area 
(Figure  8). 

The  climate  of  the  area  is  influenced  by  the  Gulf  of  Mexico  and 
Plue  Ridge  Mountains.  Rainfall  averages  127  centimeters  (50  inches)  per 
vear.  The  average  temperature  is  16  degrees  Centigrade  (61  degrees 
Fahrenheit).  Air  temperatures  are  highest  from  June  to  August  but  rarely 
exceed  38  degrees  Centigrade  (100  degrees  Fahrenheit). 

Stream  description 

The  Chattahoochee  River  flows  southwest  in  the  studv  reach  between 
Atlanta  and  Whitesburg.  The  channel  drains  metropolitan  Atlanta 
between  the  Atlanta  gage  and  the  gage  near  Fairburn.  This  reach 
receives  tributary  inflows  from  urban  areas,  waste  treatment  plant 
discharges,  and  power-plant  waste  heat  discharges.  water  is  withdrawn 
at  the  Atlanta  Waterworks  and  at  the  power-plant  complex  consisting  of 
plants  Atkinson  and  McDonough.  Between  Fairburn  and  Whitesburg,  forests 
and  farmlands  are  drained  by  tributaries.  Table  3  and  Figure  8  qive 
each  tributary  and  the  location  at  which  it  enters  the  river. 

The  forty-one  channel  cross  sections  measured  between  RK*  487.48 
and  418.10  (Atlanta  to  Whitesburg,  RM*  302.97  to  259.0?)  are  approximately 
trapezodial  in  shape  with  high  steep  banks  and  sand  beds.  However,  rock 
beds  and  shoals  do  occur.  These  can  be  found  near  the  Atlanta  gage 


(RK  487.48  or  RM  302.97),  below  the  mouth  of  Nickaiack  Creek  ( RK  474.36 
or  RM  295.13),  and  between  Canos  Ferrv  Bridge  ( RK  436.34  or  RM  271.19) 


Figure  8.  Map  showing  the  upper  Chattahoochee  River  Basin;  the  study 
reach  between  Atlanta  and  Whitesburg,  Georgia;  and  water  quality 
sampling  sites  (adapted  from  Stamer  and  others,  1979).  See  Table 
3  for  identification  of  sampling  sites 


Map 
Reference 
No. 


Station  Name 


River  Mile 
(1  mi  =  1.6  km) 


1  Big  Creek  near  Alpharetta  -  317.37 

2  Chattahoochee  River  at  Atlanta  -  302.97 

3  Chattahoochee  River  (Atlanta  Intake)  at  Atlanta  -  300.62 

4  Cobb-Chattahoochee  WTF  near  Atlanta  -  300.56 


5  North  Fork  Peachtree  Creek  Tributary  (Meadowcliff  Drive) 

near  Chamblee - * -  - 

6  North  Fork  Peachtree  Creek  at  Buford  Highway  near 

Atlanta  — — - - -  - 

7  South  Fork  Peachtree  Creek  at  Atlanta  — -  - 

8  Clear  Creek  at  Piedmont  Park  at  Atlanta  -  - 

9  Tanyard  Branch  at  26th  Street  extension  at  Atlanta  -  - 


10  Peachtree  Creek  at  Atlanta  - - -  300.52 

11  Woodall  Creek  at  DeFoors  Ferry  Road  Atlanta  -  - 

12  Nancy  Creek  Tributary  near  Chamblee  -  - 

13  Nancy  Creek  at  Randall  Mill  Road  at  Atlanta -  - 

14  R.  M.  Clayton  WTF  at  Atlanta -  300.24 

15  Plants  Atkinson  and  McDonough  at  Atlanta  - — —  299.11 

16  Chattahoochee  River  at  SR  280  at  Atlanta  -  298.77 

17  Hollywood  Road  WTF  at  Atlanta  — - - - — -  - 

18  Proctor  Creek  at  SR  280  at  Atlanta -  297.50 

19  Nickajack  Creek  (USAF  Plant  No.  6  outfall)  near  Smyrna  -  - 

20  Nickajack  Creek  at  Cooper  Lake  Road  near  Mableton  -  295.13 

21  Chattahoochee  River  at  SR  139  near  Mableton  - — - 294.65 

22  South  Cobb -Chattahoochee  WTF  near  Mableton  — - - —  294.28 

23  Utoy  Creek  WTF  near  Atlanta - — - - 291.60 

24  Utoy  Creek  at  SR  70  near  Atlanta - - - - — —  291.57 

25  Sweetwater  Creek  near  Austell - — — — — - -  288.58 

26  Sweetwater  Creek  WTF  near  Austell - 288.57 

27  Chattahoochee  River  (SR  166)  near  Ben  Hill  — - - — -  286.07 

28  Camp  Creek  WTF  near  Atlanta - 283.78 

29  Camp  Creek  at  Enon  Road  near  Atlanta  - -  283.54 

30  Deep  Creek  at  SR  70  near  Tell - 283.27 

31  Chattahoochee  River  (SR  92)  near  Fairburn -  281.88 

32  Anneewakee  Creek  at  SR  166  near  Douglasville  -  281.47 

33  Anneewakee  Creek  WTF  near  Douglasville  - 281.46 

34  Three-river  interceptor  -  281.45 

35  Pea  Creek  at  SR  70  near  Palmetto - — - - —  277.40 

36  Bear  Creek  at  SR  166  near  Douglasville - - —  275.95 

37  Bear  Creek  (SR  166)  WTF  near  Douglasville  — — — - —  275.94 

38  Chattahoochee  River  (above  Bear  Creek)  near  Rico  -  275.81 

39  Bear  Creek  at  SR  70  near  Rico  - — — - — - - -  274.49 

40  Dog  River  at  SR  166  near  Fairplay - —  273.46 

41  Chattahoochee  River  (Capps  Ferry  Bridge)  near  Rico  -  271.19 

42  Wolf  Creek  at  SR  5  near  Banning  - -  267.34 

43  Chattahoochee  River  at  Hutcheson's  Ferry  near  Rico  — - —  265.66 

44  Snake  Creek  near  Whitesburg  -  261.72 

45  Cedar  Creek  at  SR  70  near  Roscoe -  261.25 

46  Chattahoochee  River  (U.S.  Alt.  27)  near  Whitesburg  -  259.85 

47  Plant  Yates  - 259.70 

48  Wahoo  Creek  at  Arnco  Mills  -  256.55 

49  Whooping  Creek  near  Lowell  -  250.87 

50  Plant  Wansley  - -  249.20 

51  Chattahoochee  River  at  Bush  Head  Shoals  near  Franklin  —  246.93 

52  Pink  Creek  near  Centralhatchee  -  244.89 

53  Centralhatchee  Creek  at  U.S.  27  near  Franklin  -  236.51 

54  Chattahoochee  River  at  U.S.  27  at  Franklin  - —  235.46 

55  Chattahoochee  River  at  SR  219  near  LaGrange  -  221.26 

56  Chattahoochee  River  at  SR  109  near  Abbottsford -  210.67 

57  West  Point  Lake  at  dam  pool  near  West  Point -  202.36 


#  Adapted  from  S tamer  and  others  (1979) . 
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and  Whitesburg  ( RK  418.10  or  RM  259.85)  (Figure  9).  Thirty-six  sections 
were  obtained  from  the  COE.  Five  others  were  measured  during  the  water- 
guality  assessment  (Faye,  Jobson,  and  Land,  1979). 


Channel  geometry  data  from  the  COE  flood  study  were  supplemented 
with  data  collected  during  a  steady  low-flow  period.  USGS  personnel 
floated  down  the  reach  in  a  boat  and  measured  widths  and  depths  at  about 
366-meter  (1,200  feet)  intervals.  Depth  ( Stamer  and  others,  1979)  was 
measured  near  cross  sections  previously  measured  by  the  COE.  Water-surface 
elevations  were  measured  at  bridges  where  known  elevation  markers  were 
located.  River  discharge  was  measured  at  several  points.  In  addition, 
tributaries,  withdrawals,  and  treatment  plant  discharges  were  measured 
or  estimated. 

These  data  were  used  for  two  purposes.  First,  Stamer  and  others 
(1979,  p.  39)  used  reach-averaged  depth  and  velocity,  along  with  discharge, 
to  calculate  reach  volumes  and  travel  times.  Second,  reach  volumes  and 
travel  times  were  used  in  a  Velz  rational  model  to  calculate  reaeration. 
These  unpublished  data  are  presented  in  Tables  4  and  5  for  completeness. 

The  stream  had  a  moderate  slope  of  0.0003.  Figure  9  shows  the 
channel  thalwea  and  the  water-surface  profile  at  low  flow.  Weirs  at 
RK  487. 4R  (RM  300.62)  and  RK  481.25  ( RM  299.1)  created  pumping  pools  for 
the  Atlanta  water-supply  facility  and  the  Atkinson  and  McDonough  power 
plants. 

Stream  hydrology 

Streamflows  were  affected  by  basin  rainfall  and  regulation  by 
Buford,  Morcran  Falls,  and  West  Point  dams.  Streamflow  at  Atlanta  was 
dominated  by  regulation  upstream.  Flood  peaks  increased  in  the  downstream 
direction  as  basin  area  increased  and  reservoir  regulation  effects  were 
moderated.  The  cyclic  nature  of  discharge  was  due  to  the  weekly  (7-dav) 
schedule  of  power  production  taking  place  on  weekdays  and  a  minimum  Flow 
being  maintained  on  weekends. 

Faye,  Jobson,  and  Land  (1979)  analyzed  lona-term  affects  of 
regulation  on  streamflow  and  temperature  and  found  that  peak  flows  were 
smaller  in  magnitude  and  duration  and  minimum  flows  were  higher  when 
regulated  flows  were  compared  to  previous  unregulated  flows.  Stamer  and 


Table  4 

Reach-Averaged  Depths ,  Widths,  Travel  Tinea,  and  Steady  Low 


Tributary  or 

Location 

Beginning** 
River  Mile 

Cumulative 

Travel 

Time 

hr 

Measured 
Discharge  of 
Trib.  or  River 
ft3/s 

Depth 

ft 

Width 

ft 

Atlanta  Gage 

302.97 

0 

1248 

4.25 

234 

Cobb  Co.  STP 

300.56 

3.45 

16 

4.02 

236 

Peachtree  Ck. 

300.52 

3.52 

37 

4.32 

236 

Clayton  STP 

300.24 

3.86 

128 

4.26 

237 

Power  Plants 

299.11 

5.50 

t 

5.14 

238 

SR-280  Bridge 

298.77 

5.94 

1288 

4.24 

238 

1-285  Bridge 

297.75 

7.08 

1429 

5.12 

239 

Proctor  Ck. 

297.50 

7.20 

6 

4.22 

239 

Nickajack  Ck. 

295.13 

9.56 

13 

5.12 

241 

SR- 139  Bridge 

294.65 

9.96 

1448 

4.25 

242 

South  Cobb  STP 

294.28 

10.30 

13 

5.09 

242 

Utoy  STP 

291.60 

12.98 

19 

4.29 

244 

Utoy  Ck. 

291.57 

13.01 

10 

5.18 

244 

CR  at  Buzzard  Is. 

290.57 

13.65 

1490 

4.34 

244 

Sweetwater  Ck. 

288.58 

15.73 

130 

5.14 

246 

SR- 166  Bridge 

286.07 

18.33 

1620 

5.09 

248 

Camp  Ck.  STP 

283.78 

20.78 

7 

5.06 

250 

Camp  Ck. 

283.54 

21.06 

10 

5.10 

250 

Deep  Ck. 

283.27 

21.35 

10 

5.11 

250 

Fairbum  (SR-92) 

281.88 

22.75 

1646 

5.13 

251 

Anneewakee  Ck. 

281.47 

23.19 

17 

5.08 

252 

Pea  Ck. 

277.40 

27.53 

4 

5.16 

255 

Upper  Bear  Ck. 

275.95 

29.00 

11 

5.02 

256 

CR  near  Bear  Ck. 

275.81 

29.20 

1678 

5.19 

257 

Lower  Bear  Ck. 

274.49 

30.66 

6 

5.00 

257 

Dog  River 

273.46 

31.80 

42 

5.20 

258 

Capps  Fy.  Bridge 

271.19 

34.03 

1726 

5.20 

260 

wolf  Ck. 

267 . 34 

38.12 

13 

5.10 

263 

CR  at  Hutcheson's  Fy. 

265.66 

39.40 

1739 

5.19 

264 

Snake  Ck. 

261.72 

42.56 

53 

5.01 

268 

Cedar  Ck. 

261.25 

42.96 

14 

5.39 

268 

CR  at  Whitesburgtt 

259.85 

44.28 

1799 

5.03 

269 

!•  -ft 


Interpreted  from  office  notes  furnished  by  U9GS,  Doravllle,  Ga.  District  Office. 

**  Faye,  Jobaon,  and  Land  (1979),  Stamer  and  others  (1979),  and  field  notes,  disagree  on 
exact  river  locations;  river  mile  designations  of  Stamer  and  others  are  used, 
t  Discharge  not  measured, 
ft  End  of  the  study  reach. 

Note;  1  mile  “  1.61  kilometers,  1  ft3/s  “  0.028  mVs,  1  foot  •  0.3048  meters, 

SR  is  an  abbreviation  for  State  Route,  CR  is  Chattahoochee  River, 

Fy.  is  Ferry,  STP  is  Sewage  Treatment  Plant,  and  Ck.  is  Creek. 
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Table  5 


Water-Surface  Elevations  and  Discharge  Measurements  on  the 
Chattahoochee  River,  Georgia 


Location 

River 

Mile 

Water- 

Surface  Elevation 
ft  above  1929  NGVD 

River 

Discharge* 

ft3/s 

Atlanta  gage 

302.97 

753.9 

1140 

Atlanta  water 

treatment 
plant  weir 

300.62 

748.0 

995** 

Power  plant 
weir 

299.11 

742.4 

1277t 

State  Route 

280  Bridge 

298.77 

740.9 

1277 

State  Route 

139  Bridge 

294.65 

734.4 

1288ft 

State  Route 

166  Bridge 

286.07 

724.4 

1349* 

Fairburn 

281.88 

720.6 

1770 

Fairburn 
(next  day) ** 

720.97 

2020 

Capps  Ferry 
Bridge 

271.19 

715.00 

2223 

Whitesburg 

259.85 

685.59 

2350 

*  Some  tributary  discharges  were  not  available. 

**  Water  plant  withdrawal  =  140  ft3/s. 

t  South  Cobb  STP  +  Peachtree  Ck.  =  142  ft3/s,  Clayton  STP  =  140  ft3/s. 
tt  Proctor  Ck.  =  10  ft3/s,  Nickajack  Ck.  =  30  ft3/s. 

*  South  Cobb  STP  +  Utoy  STP  +  tJtoy  Ck.  =  30  ft3/s, 

Sweetwater  Ck.  =  297  ft3/s. 

**  Survey  began  at  Atlanta  gage  and  proceeded  downstream  to  Capps  Ferry 
Bridge  where  the  survey  stopped  for  nightfall  and  began  anew  the  next 
morning.  Discharge  and  water-surface  elevation  increased  overnight. 
Note:  1  mile  =  1.61  kilometers,  1  ft3/s  =  0.028  m3/s,  and 

1  foot  =  0.3048  meters. 

Data  in  this  table  were  adapted  from  a  written  communication 
by  Harvey  Jobson,  Hydrologist,  USGS,  Bay  St.  Louis,  Miss. 


others  (1979)  concluded  that  late  autumn  flows  were  normally  the  lowest 
on  an  annual  basis.  Winter  stream  temperatures  above  the  Atkinson  and 
McDonouqh  oower  plants  were  increased  while  summer  stream  temperatures 
were  decreased.  The  power  plant  increased  river  temperatures  by  an 
annual  averaqe  of  2  degrees  Centigrade  {4  degrees  Fahrenheit).  On  an 
annual  basis,  heated  water  discharges  balanced  cold  water  discharged  by 
upstream  dams. 

Water-quality  description 

The  quality  of  the  Chattahoochee  River  below  Atlanta  was  influenced 
by  two  factors  related  to  man's  activities.  Point  sources  and  distributed 
sources  idd  organic  material  and  nutrients  causing  degradation  of  stream 
water  quality.  Upstream  hydropower  releases  affect  water  quality  by 
dilution  and  flushing  out  the  stream  on  a  weekly  basis.  Typically,  point 
sources  exert  considerable  influence  during  weekend  periods  of  minimum 
flow.  When  weekday  peaking-power  operations  begin,  dilution  and  flushing 
cause  water-quality  improvements  illustrated  in  Figure  10. 

During  summer  minimum 
flows,  DO  is  depressed  to  4  to 
5  milligrams  per  liter  below 
Atlanta  from  near  saturation 
above  Atlanta.  The  recovery 
of  DO  levels  begins  between 
Franklin  and  Whitesburg,  de¬ 
pending  on  travel  times  and 
loadings.  Nutrients,  BOD,  and 
coliform  bacteria  increase  from 
low  levels  upstream  of  Atlanta 
to  high  levels  downstream. 

Stamer  and  others  (1979, 
p.  37)  indicated  photosynthe¬ 
sis  was  not  significant  in  the 
study  reach.  This  was  sup¬ 
ported  by  measurements  of 
phytoplankton  (cells  per 


y  o 

a  z 

38 

£  M 

uj  £ 
o  £ 

5  «• 

ss 


Figure  10.  Dissolved-oxygen  concen¬ 
trations  and  mean  daily  discharge 
during  1977 


milliliter) ,  periphyton  biomass,  and  chlorophyll  a  and  b  collected  at 
three  sites  over  the  three-year  study  period.  In  addition,  the  weekly 
flushing  scours  the  channel  as  indicated  by  upstream  erosion  problems 
(Jobson  and  Keefer,  1979) .  Not  only  will  channel  scour  remove  attached 
aquatic  plants,  but  the  associated  turbidity  and  short  travel  times  will 
also  restrict  phytoplankton  growth  in  the  nutrient-enriched  waters  below 
Atlanta.  This  is  confirmed  later  with  modeling  results  showing  that 
nitrate  builds  up  from  nitrification  in  the  stream  and  nitrate  and  ortho 
phosphate  are  not  removed  from  the  stream.  In  addition,  the  DO  balance 
does  not  indicated  a  significant  benthic  oxygen  demand. 

Data  collection 

Four  intensive  synoptic  date-collection  studies  were  undertaken  in 
the  summers  of  1976  and  1977  when  problems  associated  with  low  flow  were 
compounded  by  high  water  temperatures.  These  steady-state  studies  oc¬ 
curred  on  the  following  dates: 

1.  July  11-12,  1976. 

2.  August  28-31,  1976. 

3.  September  5-8,  1976. 

4.  May  30- June  2,  1977. 

These  intensive  studies  were  part  of  an  overall  data-collection  program 
that  extended  from  October  1975  to  September  1977.  Data  were  collected 
at  a  fewer  number  of  points  over  longer  time  increments  during  the  over¬ 
all  study  period  than  in  the  intensive  studies. 

A  tabular  summary  of  measured  water-quality  constituents  is  given 
in  the  "Data  Comparison"  section  that  follows.  Temperature,  specific 
conductance,  pH,  DO,  and  streamflow  were  measured  in  situ.  Water  sam¬ 
ples  were  width  and  depth  integrated.  Limited  sampling  across  the 
stream  at  Fairburn  showed  little  or  no  lateral  variation.  Samples  were 
chilled  and  filtered  in  the  field  as  needed.  Analysis  of  samples  and 
field  measurements  were  made  by  standard  methods  documented  by  the  USGS 
(Stamer  and  others,  1979,  p.  17-18). 

Reaeration  coefficients  for  the  Chattahoochee  River  were  measured 
previously  by  Tsivoglou  and  Wallace  (1972)  during  several  studies  that 
covered  the  middle  segment  of  the  reach  considered  in  the  USGS  study. 
Tsivoglou  and  Wallace  (1972)  found  reaeration  coefficients  did  not 


change  significantly  as  discharge  varied  during  low  flow,  making  it  pos¬ 
sible  in  this  specific  study  to  use  the  same  reach-averaged  coefficients 
for  all  four  data  sets.  Reaeration  coefficients  for  the  other  reaches 
were  predicted  by  an  equation  developed  by  Tsivoglou  and  Wallace  from 
these  Chattahoochee  River  data.  The  coefficients  used  for  this  study 
are  listed  in  Table  6. 

The  May-June  1977  data  set  best  documents  waste  loads  into  the 
river.  Multiple  samples  were  taken  at  all  seven  wastewater  treatment 
plant  effluents  and  all  tributaries  flowing  into  the  river.  Mean 
constituent  concentrations  were  determined  from  grab  samples  collected 

Table  6 

Reaeration  Coefficients  for  the  Chattahoochee  River,  Georgia, 


Atlanta  to  Whitesburg* 


Reach 

(RM) 


Reaeration  Coefficient 
( 1/day  base  e  25#C) 


by  the  USGS.  Tributary  discharges  were  measured,  but  treatment  plant 
discharges  were  computed  from  monthly  plant-operator  reports  submitted 
to  the  Georgia  Environmental  Protection  Division.  A  comparison  of  a  few 
waste  loads  reported  by  treatment  plant  operators  and  loads  computed  by 
the  USGS  was  favorable.  Despite  this,  loads  from  the  R.  M.  Clayton 
Plant  were  still  underestimated  according  to  modeling  results  presented 
later.  The  Mav-June  1977  data  set  did  not  include  as  many  water-guality 
constituents  as  the  August  1976  data  set  but  discharge,  DO,  ROD,  nitrogen 
species,  and  temperature  were  better  documented  with  multiple  samples  of 
waste  inflows  and  tributary  inflows. 

The  August  1976  data  set  had  the  mosf  extensive  range  o^  constit¬ 
uents  measured.  In  addition  to  data  describing  DO,  ROD,  nitrogen  species 
and  temperature,  this  data  set  contained  information  describing  coliform 
bacteria,  arsenic,  chromium,  copper,  lead,  zinc,  suspended  solids, 
chemical  oxygen  demand,  and  pH.  Nevertheless,  these  data  were  limited 
to  single  samples  of  most  inflows  and  infreouent  river  sampling. 

The  other  two  data  sets  were  less  complete.  Natural  tributaries 
were  not  sampled  during  the  September  S-fl,  1976  period  and  most  waste 
treatment  plant  effluents  were  only  sampled  for  S-dav  ROD.  Measurements 
of  DO  and  water  temperature  were  made  for  a  couple  of  waste  outfalls. 
Single  grab  samples  were  taken  from  those  waste  effluents  sampled.  No 
data  were  collected  to  describe  nitrogen  species,  but  information  was 
available  from  the  previous  week,  collected  at  the  time  of  the 
August  30-31,  1976  data  collection  survey. 

The  Julv  1976  data  included  single  samples  from  all  significant 
tributaries  but  none  from  wastewater  treatment  plant  effluents.  Lab¬ 
oratory  analysis  included  determination  of  organic  nitrigen,  ammonia, 
nitrite,  and  nitrate.  Missing  data  for  waste  treatment  plants  were 
estimated  from  data  collected  during  the  August  1976  study. 

Willamette  River-Quality  Data 

wjllamette  River  studies 

The  river-aualitv  assessment  of  the  Willamette  River  Rasin,  Oregon, 


was  the  first  intensive  river-cruality  assessment  undertaken  by  the  USGS 
and  served  as  a  prototype  study  tor  other  river-quality  studies 
(Rickert  and  Hines,  19T5),  Specific  problems  studied  were  (Rickert, 
Hines,  and  McKenzie,  1976): 

1.  Effects  of  waste  discharge  on  DO  resulting  from  population  and 
industrial  qrowth. 

2.  Potential  for  nuisance  algal  growths. 

3.  Possibility  of  trace-metal  accumulations  in  bottom  sediments. 

4.  Potentially  harmful  effects  on  river  quality  and  land  use 
due  to  accelerated  erosion  resulting  from  population  and 
industrial  growth. 

The  Willamette  study  was  interesting  for  historical  reasons. 

Severe  DO  depletion  had  occurred  in  the  lower  reaches  of  the  river.  On 
occasion,  DO  levels  dropped  to  zero  and  hampered  upstream  migration  of 
salmon.  Recreation  was  curtailed,  esthetic  values  diminished,  and 
other  water  uses  were  affected.  DO-related  problems  were  compounded 
bv  high  fecal  coliform  bacteria  concentrations,  floating  and  benthic 
sludge,  sulfurous  odors,  and  sewage  fungus  (Hines  and  others,  1977). 

These  problems  have  been  overcome  by  basinwide  secondary  treatment 
of  point  sources,  chemical-recovery  processes  implemented  by  paper  and 
pulp  mills,  routiner  the  combined  sewer  overflows  from  Portland  out  of  the 
basin  to  the  new  Columbia  River  treatment  plant,  and  flow  augmentation 
from  headwater  reservoirs.  DO  levels  are  now  acceptable  and  water- 
contact  recreation  has  returned.  As  of  1977  the  Willamette  River  was 
the  largest  river  basin  in  the  Nation  in  which  all  point  sources  received 
secondary  treatment. 

Recent  studies  indicate  chanqes  in  the  physical,  chemical,  and 
bioloqical  characteristics  of  the  river  have  occurred.  Dredging  and 
channelization  have  changed  water  travel  times,  reaeration,  and  benthic 
deposits.  The  releases  from  headwater  reservoirs  have  increased  the 
annual  low  flow  and  have  controlled  algae  growths.  Implementation  of 
basinwide  secondary  treatment  has  changed  in-stream  deoxygenation 
rates  of  organic  material. 

Data  surveys  were  conducted  during  the  summers  of  1973  and  1974 
to  define  the  water  duality  of  the  Willamette  River.  The  results  were 


documented  in  the  USGS  Circular  Series  715-A  throuqh  715-M.  Most  of  the 
Willamette  River  data  used  in  this  study  were  taken  from  these  reoorts. 

A  limited  amount  of  information  was  obtained  from  the  investigators 
involved  in  more  recent  studies  and  from  engineers  involved  in  flood 
insurance  studies  of  the  lower  Willamette  River. 

Several  problems  were  encountered  in  gathering  these  data.  Raw 
data  or  basic  measurements  were  not  recorded  in  a  data  report  or  stored 
on  a  computer  data-storage  system.  Therefore,  much  of  the  necessary 
data  had  to  be  interpolated  from  charts  and  graphs.  The  first  study 
(July-August  1973)  lacked  nitrogen  data.  Finally,  channel  geometry  data 
were  gathered  from  Willamette  River  flood  insurance  studies  where  data 
collection  was  tailored  to  high  Flow  conditions  rather  than  low  flow 
conditions. 


Basin  description 

The  Willamette  River  Basin  is  located  in  northwest  Oregon,  as  shown 
in  Figure  11,  and  has  an  area  of  29,800  square  kilometers  (11,500  square 
miles).  The  basin  is  roughly  rectangular  in  shape  and  is  bound  on  the 
east  by  the  Cascade  Mountains,  on  the  west  by  the  Coastal  Range,  on  the 
south  by  the  Calapooya  Mountains,  and  on  the  north  by  the  Columbia  River. 
The  State's  three  largest  cities,  Portland,  Salem,  and  Eugene,  are  located 
within  the  basin,  representing  70  percent  of  the  population  of  Oregon. 

Land  elevations  vary  from  less  than  3.1  meters  (above  1929  NGVD) 

(10  feet)  at  the  mouth  of  the  Willamette  River  below  Portland,  to  140 
meters  (450  feet)  near  Eugene  on  the  valley  floor  (see  Figures  11  and 
12),  and  to  more  than  3,050  meters  (10,000  feet)  in  the  Cascade  Range. 

The  Coast  Range  varies  in  elevation  from  300  to  600  meters  (1,000-2,000 
feet)  with  some  peaks  exceeding  1,200  meters  (4,000  feet). 

The  Willamette  Basin  has  a  modified  marine  climate  controlled  by 
surrounding  mountain  ranqes  (Figure  11)  and  the  Pacific  Ocean.  The 
climate  is  characterized  by  wet,  cloudy  winters  and  clear,  dry  summers. 
Daily  average  temperatures  range  from  1.7  degrees  Centigrade  (35  degrees 
Fahrenheit)  to  29  degrees  Centigrade  (83  degrees  Fahrenheit)  on  the 
valley  floor  and  From  -6.7  degrees  Centigrade  (20  degrees  Fahrenheit)  to 
24  degrees  Centigrade  (75  degrees  Fahrenheit)  on  the  crest  of  the  Cascade 


Only  five  percent  of  the  annual  precipitation  falls  in  June  to 
Auqust.  Extended  drouqht  periods  may  occur  in  late  summer  and  earlv 
fall,  in  which  rainfall  may  not  occur  over  30  to  60  dav  periods.  Hines 
and  others  (1977)  noted  that  this  seasonal  drv  period  has  great  impact 
on  the  summer  and  fall  auantitv  and  aualitv  of  streamflow  in  the  Willamette 
River. 

Mean  annual  precipitation  for  the  Willamette  Basin  is  1600 
millimeters  (63  inches),  but  large  areal  variations  occur  because  of 
elevation  and  topography.  Heavy  snowpack  and  hiqh  storage  and  vield  of 
water  by  volcanic  rock  in  the  Cascade  Range  results  in  higher  than 
expected  summer  baseflows  in  the  Willamette  River  and  Cascade  tributaries 
compared  to  basins  with  similar  rainfall  patterns. 

Channel  characteristics 

The  main  stem  of  the  Willamette  River  begins  at  the  confluence  of 
the  Coast  and  Middle  Forks  near  Eugene,  moves  northward  301  kilometers 
( 187  miles)  throuqh  Corvallis,  Albany,  Salem,  Newberq,  Oreqon  Citv,  and 
Portland,  and  flows  into  the  Columbia  River  159  kilometers  (99  miles) 
from  its  mouth  at  the  Pacific  Ocean.  The  main  stem  can  be  segmented 
i-’to  three  distinct  reaches  based  on  phvsical,  chemical,  and  biological 
characteristics.  Table  7  defines  some  of  the  differing  characteristics. 

The  "Upstream  Reach"  is  217  kilometers  (135  miles)  in  length  and 
extends  from  Eugene  to  upstream  of  Newberg,  RK  301  ( RM  187)  to  RK  84 
(RM  52)*.  mhis  shallow  reach  (Table  7)  has  a  steep  bed  slope  and  large 
average  flow  velocities  that  are  10  to  20  times  higher  than  those  in  down¬ 
stream  reaches,  mhe  bed  consists  primarily  of  cobbles  and  gravel  that 
are  covered  with  bioloqical  growth  durina  the  summer.  Although  seqments 
of  the  Upstream  Reach  have  been  channelized,  numerous  meanders,  islands, 
and  side  channels  still  exist.  Gravel  bars  are  visible  at  low  flows  and 
wide  shallow  sections  occur.  Large  velocities  and  steep  slopes  indicate 
this  is  an  eroding  reach.  High  flows  transport  significant  quantities 

*  River  kilometers  or  miles  upstream  of  the  mouth  of  the  Willamette 
River  at  its  intersection  with  the  Columbia  River. 


Selected  Physical  Characteristics  of  the  Willamette  River 


of  cobbles  and  gravel  as  bedload  ( Rickert  and  others,  1977).  Cross 
sections  and  channel  locations  are  unstable  over  a  yearly  period,  but 
such  changes  were  estimated  to  have  little  impact  on  the  time  of  travel 
through  the  reach  (McKenzie  and  others,  1979). 

The  middle  reach,  referred  to  as  the  "Newberg  Pool,"  extends  from 
upstream  of  Newberg  downstream  to  Willamette  Falls  at  Oregon  City,  RK  84 
to  RK  43  (RM  52  -  RM  26.5).  Willamette  Falls  is  formed  by  a  15-meter 
(50-feet)  high  basaltic  sill.  The  river  in  the  Newberg  Pool  is  slow 
moving  and  deep.  The  bottom  profile  (Figure  12),  low  velocities, 
and  the  presence  of  fine  bottom  sediments  indicate  the  Newberg  Pool 
is  a  depositional  reach. 

Comparison  of  travel-time  data  given  in  Table  7  with  previous 
studies  referred  to  by  Rickert,  Hines,  and  McKenzie  (1976)  indicate 
dredging  and  gravel  removal  have  increased  low-flow  ( 198  cubic  meters 
per  second  or  7000  cubic  feet  per  second)  travel  time  30  percent  in  the 
Newberg  Pool. 

Most  of  the  summer,  low  flow  at  Willamette  Falls  is  diverted 
through  power  generation  turbines  or  over  a  fish  ladder.  These 
river-management  activities  lead  to  mild  fluctuations  in  water  elevation 
and  velocity  throughout  the  Newberg  Pool  (Rickert,  Hines,  and  McKenzie, 
1976).  These  mild  variations  do  not  seem  to  significantly  effect 
one-dimensional,  steady-state  modeling  of  the  reach  (McKenzie  and 
others,  1979). 

The  final  reach,  known  as  the  "Tidal  Reach,"  extends  from 
Willamette  Falls  at  RK  43  (RM  26.5),  through  Portland  Harbor,  to  the 
mouth  on  the  Columbia  River.  The  Tidal  Reach  is  also  deep  and  slow 
moving.  Tides  on  the  Pacific  Ocean  affect  velocity  and  water-surface 
elevation  of  the  Willamette  River  near  the  mouth.  A  12-meter  (40-feet) 
channel  is  maintained  by  dredging  from  RK  O  (RM  O)  to  RK  22  (RM  14)  in 
the  Portland  Harbor.  The  primary  reach  of  sediment  deposition  for  the 
Willamette  River  extends  from  RK  5  upstream  to  RK  16  (RM  3  -  RM  10). 

During  the  summer  low-flow  period,  net  downstream  movement  is  slow 
and  tidal  effects  cause  flow  reversals  and  large  changes  in  velocity. 
Tidal  effects  are  more  pronounced  in  the  lower  16  kilometers  (10  miles) 


of  the  Willamette  River.  Depending  on  tide  and  river  stages,  Willamette 
River  water  may  move  downstream  into  the  Columbia  River,  or  Columbia 
River  water  may  move  upstream  in  the  Willamette  channel.  The  Columbia 
River  water  usually  moves  upstream  as  a  densitv  underflow  as  far  upstream 
as  St.  John's  Bridge  at  RK  10  ( RM  6)  (Rickert,  Hines,  and  McKenzie, 

1976).  Downstream  movement  of  water  below  RK  7  (RM  4)  is  also  complicated 
bv  movement  through  the  Multnomah  Channel  (bifurcation). 

Because  of  the  density  underflow,  pronounced  tidal  effects,  and 
Multnomah  Channel,  river  erualitv  cannot  be  described  with  one-dimensional 
steady-state  approximations  from  about  RF  9  (RM  6)  to  the  mouth.  Up¬ 
stream  of  RK  9  (RM  6),  one-dimensional  steady-state  approximations  seem 
valid  for  mean  daily  predictions.  Tidal  effects  are  moderated;  travel 
times  are  large  (10  days);  and  biological  decay  is  slow  (deoxygenation 
rate  K-j  =  0.07  per  day  base  e). 


Most  of  the  annual  streamflow  occurs  from  November  to  March  in 
response  to  persistent  winter  rainstorms  and  spring  snowmelt.  Snowmelt 
in  the  High  Cascades  at  elevations  above  1,500  meters  (5,000  feet) 
tends  to  prolong  the  higher  streamflows  until  June  or  early  July. 

Periods  of  low  f  ow  extend  from  July  to  September.  In  September, 
flows  are  increased  with  flow  augmentation  from  headwater  reservoirs 
to  assist  fish  migration. 

F low  augmentation  from  headwater  reservoirs  has  a  significant 
impact  by  increasing  summer  base  flows,  in  addition  to  shortening  summer 
low-flow  periods.  The  30-dav  low  flow  at  Salem  has  increased  from  104 
cubic  meters  per  second  (3,670  cubic  feet  per  second),  measured  prior  to 
1953  when  the  construction  of  headwater  reservoirs  began,  to  170  cubic 
meters  per  second  (6,010  cubic  feet  per  second),  measured  between  1953 
and  1070  (Rickert,  Hines,  and  McKenzie,  1076). 

water  temperatures  of  the  Willamette  River  and  maior  tributaries 
reach  a  maximum  during  July  and  August  at  the  onset  of  low  flow.  During 
this  critical  period  of  low  flow  and  high  water  temperature,  temperatures 
show  a  tendency  to  increase  in  the  downstream  direction.  Reservoir 
releases  do  not  influence  summer  water  temperatures  below  RK  192  (RM  120). 
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Water-quality  description 

The  critical  water-quality  period  of  July  and  August  corresponds 
to  the  summer  period  of  low  flow  and  high  water  temperature.  Waste 
loads  receive  less  dilution,  and  biological  reactions  place  larger  demands 
on  the  waste  assimilative  capacity  of  the  river  due  to  increases  in 
reaction  rates  with  temperature. 

Based  on  water-quality  studies  undertaken  in  1973  and  1974 
(Table  8),  a  number  of  factors  that  influence  water  quality  can  be 
discerned.  Reservoir  releases  controlled  critical  summer  water  quality 
by  providing  low-flow  augmentation  over  the  summer.  The  low-flow  period 
was  usually  ended  in  early  September  by  reservoir  releases  of  water  that 
aided  fish  migration.  Temperature  effects  of  reservoir  releases  were 
limited  to  the  upstream  reaches  of  the  river.  Seasonal  increases  of 
phosphorus  in  the  Willamette  River  were  related  to  spring  and  fall 
overturn  of  reservoirs  and  did  not  effect  critical  low-flow  water 
quality  (Rickert  and  others,  1977). 

Waste  loading  was  another  significant  factor  that  affected  water 
quality.  During  the  low-flow  periods  studied,  55  percent  of  the  total 
carbonaceous  BOD  load  was  contributed  by  municipal  and  industrial 
discharges,  whereas  45  percent  was  derived  from  nonpoint  sources. 
Carbonaceous  BOD  from  point  sources  was  affected  by  basinwide  implemen¬ 
tation  of  secondary  biological  treatment. 

Sixty-one  percent  of  the  point  loads  of  carbonaceous  BOD  was  due 
to  industrial  sources,  and  the  remaining  39  percent  was  due  to  municipal 
sources.  Point  loads  of  carbonaceous  BOD  were  distributed  over  the 
length  of  the  main  stem.  Industrial  loads  were  almost  exclusively  due  to 
wood-product  industries.  The  municipal  loads  included  seasonal  canning 
waste  and  other  small  industry  waste  (Hines  and  others,  1977). 

Unlike  carbonaceous  BOD,  nitrogenous  BOD  was  contributed,  mainly 
by  point  sources,  with  91  percent  introduced  by  municipal  and  industrial 
discharges  and  9  percent  by  nonpoint  sources.  The  discharge  of  the  Boise 
Cascade  Corporation  paper  mill  at  RK  136  (RM  85)  was  the  overwhelming 
nitrogen  source.  Ninety  percent  of  the  nitrogenous  BOD  load  was  in  the 


form  of  ammonia. 


Reconnaissance 
(review  of  historical  data, 
preliminary  sampling, 
methods  testing,  formu¬ 
lation  of  preliminary 
hypotheses) 

Jem  -July 

1973 

Numerous  sites  throughout  187-mi  main 
stem,  major  tributaries,  and  waste- 
water  outfalls 

DO-BOD  Study,  RM  26.5-0 

July  24-26, 
1973 

RM's  26.6,  25.5,  21.1,  16.8,  12.8, 

7.0,  6.0,  3.5,  1.5;  all  major  tribu¬ 
taries  just  above  main-stem  conflu¬ 
ence;  all  major  wastewater  outfalls 

DO-BOD  Study,  RM  187-86.5 

August  6-12, 
1973 

RM's  185,  161,  134,  120,  96,  86.5; 
McKenzie  River,  RM  7.1;  Santiam 
River,  RM  6;  all  major  wastewater 
outfalls 

DO-BOD  study,  RM  86.5-26.5 

August  15-18, 
1973 

RM's  86.5,  72,  50.0,  46.0,  39.0,  34.0 
28.6;  plus  all  major  tributaries 
just  above  main-stem  confluence;  all 
major  wastewater  outfalls 

Nonpoint-source  study  of 

BOD  and  nutrient  loading. 

June -Aug 

1974 

Coast  Fork  Willamette  River  RM's  6.4 
and  29.5;  Middle  Fork  Willamette 
River  RM  8;  McKenzie  River,  RM's 

7.1  and  14.9;  South  Santiam  RM's 

7.6  and  23.3;  Clackamas  River  RM  0.5 

DO-BOD  study,  RM  86.5-0 

August  6-7, 
1974 

RM’s  86.5,  72.0,  50.0,  39.0,  28.6, 
21.0,  12.8,  10,  7.0,  6.0;  all  major 

tributaries  just  above  main-stem 
confluence;  all  major  wastewater 
outfalls 


RM's  120,  114,  86.5,  72.0,  60.0,  55.0 
50.0,  39.0,  28.6,  12.8,  7.0,-  all 
tributaries  just  above  main-stem 
confluence;  all  major  wastewater 
outfalls 


Nitrification  study,  RM 
120-0. 


August  12-14 
1974 


Processes  affecting  DO  were  well  defined.  Flow  augmentation, 
reaeration,  and  mixing  with  Columbia  River  water  added  DO.  Nitrifi¬ 
cation,  deoxygenation,  and  benthic  deposits  exerted  oxygen  demands 
(Hines  and  others,  1977).  Rickert  and  others  (1980)  found  oxygen 
demands  for  low-flow  conditions  compared  as  follows: 

Percent 


Deoxygenation  of  point  source  loads  ----------  28 

Deoxygenation  of  nonpoint  source  loads-  --------  22 

Nitrification  of  point  source  loads  ----------  32 

Nitrification  of  nonpoint  source  loads-  --------  2 

Benthic  oxygen  demand  -----------------  16 

Total  100 


The  results  show  that  nitrification  of  point  sources  is  the  largest 
oxygen  demand  and  that  benthic  demand  is  significant. 

Because  of  the  difference  in  the  three  reaches,  deoxygenation  and 
nitrification  occurred  at  different  rates.  Nitrification  occurred 
rapidly  in  the  Upstream  Reach  but  was  insignificant  in  the  Newberg  Pool 
and  Tidal  Reach.  Deoxygenation  was  higher  in  the  Upstream  Reach  than  the 
Newberg  Pool  and  Tidal  Reach.  Higher  reaction  rates  occurred  because  the 
Upstream  Reach  was  a  shallow  surface-active  reach.  The  gravel  and 
cobbles  that  lined  the  bottom  were  covered  with  biological  growth.  In 
the  Newberg  Pool  and  Tidal  Reach,  there  was  no  attached  growth  on  the 
river  bottom.  The  oxidizing  bacteria  were  suspended  or  attached  to 
suspended  particles.  In  addition,  deoxygenation  rates  were  affected 
by  differences  in  river  depths  and  surf ace-area-to- volume  ratios. 

In  addition  to  the  significant  benthic  oxygen  demand,  significant 
amounts  of  carbonaceous  BOD  were  resuspended  or  added  in  the  Portland 
Harbor.  This  addition  of  carbonaceous  BOD  in  areas  of  low  average 
velocity  may  have  resulted  from  resuspension  by  propwash  from  passing 
ships,  reversing  tidal  currents,  navigation  channel  dredging,  ship 
discharges,  or  from  the  sewer  overflows  (Hines  and  others,  1977). 

Deoxygenation  rates  for  BOD  samples  of  bottom  materials  were 
within  the  range  of  rates  determined  for  river  water  samples.  Other 
studies  by  the  USGS  Oregon  District  Office*  showed  the  benthic  oxygen 

*  Oral  communication,  June  1980,  Stuart  McKenzie  and  Frank  Rinella, 
Hydrologists,  USGS,  Portland,  Oregon. 


demand  to  be  1.2  qrrams  of  DO  per  square  meter  per  dav  (0.11  grams  of  DO 
per  souare  foot  per  day)  between  RK  8  and  22  ( RM  5  and  14)  on  3,000,000 
square  meters  or  3.2  x  10^  square  feet  of  bottom  area. 

Nuisance  alqal  qrowths  did  not  occur  in  the  Willamette  River  nor 
did  phytoplankton  productivity  have  a  significant  effect  on  mean  DO 
levels  between  RK  0  and  1RR  ( RM  0  and  86.5).  Over  the  reach,  photo¬ 
synthesis  balanced  respiration.  Vertical  differences  in  DO  occurred 
where  photosynthesis  increases  DO  in  the  upper  zone  (euohotic  zone)  and 
respiration  decreases  DO  in  the  lower  zone. 

Data  collection 

Water-quality  data  were  collected  for  the  Willamette  River  to 
describe  the  DO  balance  during  steady-state  low  flows  between  RK  138 
and  0  (rm  86  and  0).  The  kinds  of  data  collected  are  summarized  in  the 
following  "Data  Comparison"  section.  A  number  of  observations  were  made 
to  confirm  that  the  Willamette  River  could  be  described  by  a  one¬ 
dimensional  steady-state  model.  Regions  of  two-dimensional  flow  in  the 
downstream  section  of  the  river  near  the  mouth  were  excluded.  A  number 
of  different  samples  were  taken  to  determine  that  lateral  and  vertical 
differences  were  unimportant, or  composite  samples  were  taken  to  estimate 
the  mean  concentration. 

Two  hundred  and  sixty  segments  were  defined  in  the  study  reach 
from  RK  8  to  138  (RM  5  to  86.5)  on  the  basis  of  river  morphologv,  location 
of  major  waste  discharges  and  tributaries,  logistical  considerations, 
and  stream-gage  locations.  Sampling-site  locations  were  chosen  on  the 
basis  of  point  source  outfalls,  tributary  inflows,  travel  times,  avail¬ 
ability  of  boat  launches,  and  bridge  sites.  Reconnaissance  studies 
determined  that  sample  sites  were  well  mixed  over  the  cross  section. 

Channel  geometry  data  were  obtained  from  fathometer  soundings 
and  from  maps  furnished  by  the  COE  Portland  office.  Travel  time  for 
each  segment  was  calculated  from  the  volume  of  the  segment  and  discharge 
at  that  location.  Supplementary  staff  qages  and  rating  curves  were  set 
up  to  define  discharge  throughout  the  study  reach  (Hines  and  others, 

1977).  Travel  time,  average  cross-sectional  area,  and  average  widths 
were  tabulated  from  office  notes  of  the  HSGS  Portland  District  Office 
( Table  9 ) . 


Table  9 

Channel  Geometry  and  Cumulative  Travel  Time  for  the  Willamette  River,  Oreflog,  RM  S  -  86.5 


Segment 

Beginning 

RM 

Area 

ft2 

Width 

ft 

Depth 

ft 

Travel 

Time 

days 

Segment 

Beginning 

RM 

Area 

ft2 

Width 

ft 

Depth 

ft 

Travel 

Time 

days 

Upstream 

86.5 

2,400 

455 

5.27 

0.0 

53.2 

3,303 

610 

5.41 

0.07822 

Reach 

85.8 

2,400 

285 

8.42 

0.01519 

53.0 

6,000 

467 

12.85 

0.08646 

85.2 

2,400 

370 

6.49 

0.02821 

52.8 

5,202 

505 

10.30 

0.09638 

85.0 

2,350 

400 

5.88 

0.03250 

52.6 

14,076 

600 

23.46 

0.11346. 

84.0 

2,350 

545 

4.31 

0.05367 

52.4 

8,660 

438 

19.77 

0.13359 

83.9 

1,460 

415 

3.52 

0.05530 

52.2 

6,460 

720 

0.97 

0.14698 

83.0 

1,460 

515 

2.83 

0.06722 

52.05 

5,870 

790 

7.43 

0.15517 

82.0 

1,460 

530 

2.75 

0.08037 

51.8 

6,380 

710 

11.80 

0.17095 

81.0 

1,460 

460 

3.17 

0.09352 

51.6 

7,500 

710 

10.56 

0.18501 

80.0 

1,460 

375 

3.89 

0.10667 

51.4 

8,510 

770 

11.05 

0.19919 

79.0 

1,460 

245 

5.96 

0.11982 

51.0 

10,190 

810 

12.58 

0.23231 

77.9 

1,460 

290 

5.03 

0.13428 

50.8 

15,065 

950 

15.86 

0.25468 

77.8 

2,020 

400 

5.05 

0.13584 

50.65 

8,456 

680 

12.44 

0.27030 

77.0 

2,020 

295 

6.85 

0.15031 

50.5 

7,885 

690 

11.43 

0.28116 

76.0 

2,020 

380 

5.32 

0.16839 

50.4 

7,314 

700 

10.45 

0.28789 

75.0 

2,020 

400 

5.05 

0.16648 

50.2 

13,808 

650 

21.24 

0.30659 

74.0 

2,020 

360 

5.61 

0.20457 

50.0 

9,949 

470 

21.17 

0.32763 

73.0 

2,020 

360 

5.61 

0.22265 

49.8 

11,648 

520 

22.40 

0.34675 

72.0 

2,020 

445 

4.54 

0.24074 

49.5 

12,993 

520 

24.99 

0.36851 

71.8 

1,980 

385 

5.14 

0.24432 

49.4 

10,830 

520 

20.83 

0.38955 

71.0 

1,980 

390 

5.08 

0.25850 

49.2 

10,348 

480 

21.56 

0.40825 

70.0 

1,980 

270 

7.33 

0.27623 

49.0 

13,763 

600 

22.94 

0.42955 

69.0 

1,980 

260 

7.62 

0.29396 

48.8 

14,528 

580 

25.05 

0.45454 

68.0 

1,983 

300 

6.60 

0.31169 

48.6 

10,887 

440 

24.74 

0.47698 

67.0 

1,980 

370 

5.35 

0.32942 

48.4 

10,065 

520 

19.36 

0.49548 

66.0 

1,980 

325 

6.09 

0.34714 

48.2 

9,718 

570 

17.05 

0.51296 

65.0 

1,980 

375 

5.28 

0.36487 

48.0 

10,690 

680 

15.72 

0.53098 

64.8 

2,510 

335 

7.49 

0.36889 

47.75 

9,827 

638 

15.40 

0.55363 

64.0 

2,510 

295 

8.51 

0.38687 

47.6 

10,087 

620 

16.27 

0.56682 

63.0 

2,510 

380 

6.61 

0.40935 

47.4 

10,815 

680 

15.90 

0.58528 

62.0 

2,510 

360 

6.97 

0.43182 

47.2 

13.412 

580 

23.12 

0.60668 

61.0 

2,510 

350 

7.17 

0.45429 

47.0 

12,471 

550 

22.67 

0.62953 

60.2 

2,510 

260 

9.65 

0.47227 

46.8 

11,706 

489 

23.94 

0.65089 

60.0 

1,250 

285 

4.39 

0.47564 

46.55 

13,729 

570 

24.09 

0.67897 

59.0 

1,250 

365 

3.42 

0.48683 

46.4 

15,387 

600 

25.64 

0.69825 

58.0 

1,250 

210 

5.95 

0.49802 

46.2 

13,887 

650 

21.36 

0.72411 

57.0 

1,250 

210 

5.95 

0.50921 

46.0 

19,173 

650 

29.50 

0.75330 

56.0 

1,250 

210 

5.95 

0.52041 

45.85 

19,436 

600 

32.39 

0.77888 

55.2 

1,250 

210 

5.95 

0.52936 

45.6 

15,552 

657 

23.67 

0.81750 

45.4 

12,287 

465 

26.42 

0.84209 

Newberg 

55.2 

1,250 

210 

5.95 

0.0 

45.2 

16,330 

725 

23.21 

0.86780 

Pool 

55.0 

3,326 

367 

9.06 

0.00410 

45.0 

13,940 

780 

17.87 

0.89498 

54.8 

1,904 

337 

5.65 

0.00873 

44.75 

13,217 

520 

25.42 

0.92496 

54.6 

2,326 

510 

4.55 

0.01248 

44.55 

15,818 

570 

27.75 

0.95060 

54.45 

4,649 

650 

7.15 

0.01711 

44.4 

16,191 

580 

27.92 

0.97180 

54.2 

5,626 

470 

11.97 

0.02848 

44.2 

17,594 

657 

26.78 

1.00164 

54.0 

11,295 

570 

19.82 

0.04347 

44.05 

17,400 

580 

30. 

1.02482 

53.8 

4,819 

618 

7.80 

3.05774 

43.8 

17,575 

570 

30.83 

1.06343 

53.6 

4,016 

680 

5.91 

0.06556 

43.6 

17,594 

580 

30.33 

1.09449 

53.4 

3,488 

640 

5.45 

0.07221 

43.4 

16,168 

650 

24.86 

1.12430 

Note:  1  mile  -  1.61  kilometer*!  1  foot  *  0.3048  meters. 

(Continued) 
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Table  9  (Continued) 


Segment 

Beginning 

RM 

Area 

ft2 

Width 

ft 

Depth 

ft 

Travel 

Time 

days 

Segment 

Beginning 

RM 

Area 

ft2 

width 

ft 

Depth 

ft 

Travel 

Time 

days 

Newberg  43.2 

17,448 

580 

30.08 

1.15398 

33.3 

7,611 

780 

9.76 

2.53640 

Pool  (contd.)  43.0 

13,257 

566 

23.42 

1.18109 

33.05 

17,822 

1010 

17.65 

2.56388 

42.8 

20,525 

580 

35.39 

1.21093 

33.0 

16,286 

945 

17.23 

2.57124 

42.6 

15,818 

680 

23.26 

1 . 24  303 

32.8 

14,750 

880 

16.76 

2.59807 

42.4 

14,072 

580 

24.26 

1.26942 

32.6 

12,541 

750 

16.72 

2.62165 

42.2 

16,445 

550 

29.90 

1.29637 

32.45 

27,520 

827 

33.40 

2.64/68 

42.0 

13,029 

635 

20.52 

1.32240 

32.4 

26,072 

500 

52.14 

2.65928 

41.8 

17,031 

616 

27.65 

1.34895 

32.25 

17,334 

730 

23.  75 

2.68741 

41.6 

15.926 

530 

30.05 

1.37806 

32.05 

6,146 

870 

7.06 

2.70771 

41.40 

13,161 

565 

23.29 

1.40375 

31.8 

11,160 

920 

12.13 

2.72640 

41.2 

15,290 

690 

26.51 

1.43152 

31.6 

21,508 

910 

23.64 

2.  75463 

41.0 

15,456 

680 

22.73 

1.46132 

31.42 

19,990 

620 

32.24 

2.78691 

40.8 

13,233 

650 

20.36 

1.48666 

31.2 

33,211 

780 

42.58 

2.83748 

40.6 

14,329 

620 

23.  il 

1.51100 

31.0 

19,155 

780 

24.56 

2.88274 

40.4 

17,471 

600 

29. 12 

1.53909 

30.56 

10,767 

1100 

9.79 

2.95539 

40.2 

14,540 

520 

23.45 

1.56736 

30.2 

8,309 

420 

20.97 

2.98584 

40.0 

13,615 

640 

21.27 

1.59222 

30.0 

17,506 

310 

56.47 

3.00859 

39.8 

16,576 

565 

29.34 

1.61889 

29.8 

11,995 

570 

21.04 

3.03408 

39.6 

15,126 

600 

25.21 

1.64688 

29.4 

25,868 

1090 

23.73 

3. 10750 

39.4 

13,852 

617 

22.45 

1.67248 

29.2 

25,971 

1170 

22.2 

3.15230 

39.25 

13,091 

636 

20.58 

1.69032 

29.0 

21,773 

1300 

16.75 

3. 19356 

39.0 

13.486 

605 

22.29 

1.71966 

28.90 

17,570 

1200 

14.64 

3.21056 

38.75 

11,796 

550 

21.45 

1.74757 

28.65 

20,510 

1090 

18.82 

3.25170 

38.6 

15,020 

600 

25.03 

1.76533 

28.45 

33,091 

790 

41.89 

3.29802 

38.4 

18,675 

650 

28.73 

1.79509 

28.35 

31,175 

740 

42.13 

3.32564 

38.2 

17,226 

550 

31.32 

1.82679 

28. 15 

29,501 

780 

37.82 

3.37779 

38. 0 

17,115 

570 

30.03 

1.85712 

28.02 

30,507 

910 

33.52 

3.41131 

37.8 

17,942 

550 

32.62 

1.88808 

28.0 

31,639 

960 

32.96 

3.41665 

37.6 

17,598 

650 

27.07 

1.91947 

27.86 

28,994 

960 

30.20 

3.45303 

37.4 

17,506 

700 

25.01 

1.95047 

27.8 

30,683 

990 

30.99 

3.46838 

37.2 

15,877 

690 

23.01 

1.97995 

27.6 

30,314 

1010 

30.01 

3.52065 

37.0 

14,775 

650 

22.73 

2.00702 

27.4 

30,527 

910 

33.55 

3.57264 

36.8 

13,755 

650 

21.16 

2.03222 

27.2 

26,888 

730 

36.83 

3.62170 

36.6 

16,430 

612 

26.85 

2.05887 

27.0 

30,674 

1090 

28. 14 

3.6708G 

36.4 

16,383 

650 

25.20 

2.08785 

26.99 

2,000 

200 

10.00 

3.67228 

36.2 

16,061 

730 

22. 

2.11650 

26.53 

2,000 

200 

10.00 

3.68014 

36.0 

17,648 

520 

33.94 

2.14627 

35.75 

14 , 765 

600 

24.61 

2.18205 

Tidal  26.53 

2,000 

200 

10.00 

0.0 

35.6 

11,067 

570 

19.42 

2. 19880 

Reach  26.52 

11,990 

400 

29.97 

0.00060 

35.45 

16,381 

700 

23.40 

2.21659 

26.37 

9,360 

265 

35.32 

0.01428 

25.2 

13,870 

620 

22.37 

2.24927 

26.2 

21,580 

395 

54.63 

0.03675 

35.0 

16,527 

520 

31.78 

2.27554 

26.0 

11,350 

440 

25.80 

0.06489 

34.8 

19,883 

630 

31.56 

2.30701 

25.74 

13,520 

870 

15.54 

0.09252 

34.6 

16,600 

750 

22.13 

2.33854 

25.56 

12,500 

585 

21.37 

0.11253 

34.4 

13,566 

780 

17.39 

2.36461 

2  5.37 

4,200 

360 

11.67 

0. 12609 

34.26 

22,012 

580 

37.95 

2.38614 

25.21 

4,870 

420 

1 1 .60 

0.13229 

34.2 

17,315 

700 

24.74 

2.39633 

25.0 

4,400 

405 

10.85 

0.14060 

34.0 

32 , 391 

860 

37.66 

2.43929 

24.82 

5,750 

380 

15.13 

0. 14841 

33.8 

16,489 

550 

29.98 

2.48154 

24.58 

7,200 

660 

10.91 

0. 15965 

33.6 

14,227 

600 

23.71 

2.50809 

24.34 

19,240 

785 

24.51 

0. 18261 

Because  dynamic  flow  models  require  information  on  cross-sectional 
properties  at  a  number  of  discreet  points  rather  than  seqment-averaged 
geometrv  data,  data  describing  individual  cross  sections  were  collected. 
These  data  were  derived  from  flood  insurance  studies  by  the  COE  Portland 
office;  James  M.  Montgomery  Engineers,  Inc.;  and  CH2M  HILL.  The  cross 
sections  were  measured  over  the  reach  at  intervals  that  varied  from  0.02 
kilometers  to  4.8  kilometers  (0.01  -  3  miles).  Cross  sections  were 
defined  by  20  to  50  points;  but  many  of  these  are  on  the  floodplains, 
and  it  was  unclear  how  low-flow  channel  sections  were  defined. 

Samples  of  BOO  were  taken  and  00  and  water  temperature  were 
measured  from  dawn  to  dusk  over  the  two-  to  six-day  study  periods  listed 
in  Table  8.  At  each  site,  12  to  20  BOD  samples  were  collected  and  100 
to  350  discrete  DO  and  water  temperature  measurements  were  made. 

Every  two  hours  during  the  day,  vertical  profiles  of  DO  and 
temperature  were  measured  at  the  water  surface,  1,  2,  3,  5,  6,  9, 

12,  and  15  meters  below  the  surface  (3,  6,  10,  15,  20,  30,  40,  and 
50  feet).  In  addition,  DO  and  temperature  were  measured  at  0.6  of  the 
channel  depth,  vertical  profiles  were  measured  at  three  locations 
across  the  river  to  confirm  vertical  and  lateral  homogeneity. 

Samples  of  BOD  were  collected  at  four-hour  intervals,  near  mid¬ 
channel  at  0.6  of  the  channel  depth.  Reconnaissance  studies  indicated 
little  variation  of  BOD  over  the  cross  section.  Water  samples  were 
collected  with  a  four-liter  Scott-modified  Van  Dorn  bottle. 

Samples  of  ROD  were  collected  one  to  two  times  dailv  at  tributaries 
and  waste  outfalls.  Grab  samples  were  collected  on  tributaries  just 
above  the  confluence  with  the  main  stem  of  the  river.  Municipal  effluent 
samples  were  composited  over  24-hour  periods.  Grab  samples  were  taken 
from  pulp  and  paper  mill  effluents  since  diurnal  variations  were  very 
small.  Municipal  wastewater  samples  were  collected  by  the  Oregon 
Department  of  Environmental  Duality  with  the  cooperation  of  each  treatment 
plant  staff.  Some  industrial  effluent  samples  were  collected  by  the 
technical  service  organization  for  wood  product  industries,  NCASI. 
Preliminary  measurement  and  sampling  of  the  inflows  and  the  river  were 


begun  2  to  7  days  before  each  study  began 


Nitrogen  samples  were  collected  August  12  to  14,  1974  during  a 
rapid  downstream  boat  trip.  Three  samples  were  taken  at  sites  listed 
in  Table  8.  Major  waste  effluents  and  tributaries  were  sampled  during 
the  boat  trip  as  the  boat  passed  each  inflow. 

Arkansas  River  Waste  Assimilat:' ve  Capacity  Data 

Arkansas  River  study 

The  Arkansas  River  in  Pueblo  County,  Colorado,  was  studied  by  the 
USGS  under  a  cooperative  agreement  with  the  Pueblo  Area  Council  of 
Governments.  Water-quality  data,  including  data  describing  reaeration 
coef f icient . ,  were  collected  April  1  to  2,  1976;  October  13  to  15,  1976; 
and  Sept*-  Per  19  to  20,  1979.  These  data  were  used  to  calibrate  and 
verif,  the  USGS  Streeter-Phelps  model. 

The  data  are  contained  in  Goddard  (1980);  Cain,  Baldridge,  and 
Edelmann  (1980);  and  Cain  and  Edelmann  (1980).  In  addition,  most  of 
the  data  can  be  accessed  through  the  USGS  water  data-management  system 
WATSTORE  or  the  EPA  system  STORET. 

Basin  description 

Pueblo  County,  Colorado,  is  located  on  the  plains  of  the  eastern 
part  of  the  state  about  32  kilometers  (20  miles)  east  of  the  Front 
Range  of  the  southern  Rocky  Mountains  (Figure  13).  The  Arkansas 
River  originates  near  the  Continental  Divide  in  the  Rocky  Mountains  a- d 
flows  several  hundred  miles  through  the  mountains  before  entering  the 
plains  west  of  Pueblo  County.  Snowmelt  in  the  Rocky  Mountains  is  a 
significant  source  of  flow.  On  the  plains,  irrigation  farming  is  an 
important  basin  activity  affecting  quantity  and  quality  of  the  river 
flow. 

Stream  description 

The  stream  channel  had  a  slope  of  0,0015  over  the  67.6-kilometer 
(42-mile)  study  reach  (Figure  14).  The  channel  was  braided  in  places  with 
numerous  islands  and  sand  bars.  The  bed  consisted  of  cobbles  and  gravel 
in  the  upstream  reaches  and  sand  in  the  lower  reaches.  The  depth  of  flow 
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varied  from  n.1  to  0.4  meters  (0.4  to  1.3  feet). 

At  low  flow,  the  upstream  reach  consisted  of  a  series  of  pools 
separated  by  riffles.  Longer  pools  were  formed  by  four  diversion  dams 
located  in  the  study  reach.  These  low  dams  or  weirs  allowed  water  to  be 
withdrawn  for  irrigation  and  municipal  water  supply. 


Five  factors  affected  the  low-flow  discharge  in  the  study  reach. 
First,  Pueblo  Reservoir,  just  upstream  of  the  study  area,  stored  flood 
flows  and  released  flow  during  low-flow  periods  in  accordance  with 
water  rights.  Second,  discharge  rates  were  affected  by  interbasin 
transfer  of  water.  Some  water  in  Pueblo  Reservoir  was  transferred  to 
the  Platte  River  Basin.  Another  upstream  reservoir  received  water  from 
the  Colorado  River  Basin.  Third,  irrigation  water  was  diverted  and 
returned  to  the  study  segment  by  an  arrangement  determined  by  water 
rights.  Fourth,  snowmelt  of  May  and  June  in  the  Rocky  Mountains  divided 
low-flow  periods  into  two  separate  events.  Finally,  waste  inflows  from 
the  Pueblo  Wastewater  Treatment  Plant  and  the  CF&I  Steel  Company,  which 
were  originally  derived  from  groundwater  and  upstream  diversions,  increased 
flow  in  the  stream  by  about  100  percent  (Figure  15). 

Water  was  diverted  from  the  upstream  portion  of  the  reach  into 
Bessemer  Ditch  and  into  the  Pueblo  water-treatment  plant  (Figure  16). 

Water  diverted  from  an  upstream  reservoir  in  the  mountains  was  returned 
to  the  river  as  cooling  water  from  a  coal-fired  power  plant.  Downstream, 
water  was  diverted  into  the  Colorado  Canal,  Rocky  Ford  Highline 
Canal,  and  Oxford  Farmers  Ditch.  The  Bessemer  Ditch  discharged  into 
the  Huerfano  River  that  in  turn  flowed  into  the  Arkansas  River  near 
Boone . 

Two  critical  low-flow  periods  occurred  in  the  upstream  reaches  of 
the  Arkansas  River.  One  occurred  from  March  to  early  May  before  the 
occurrence  of  snowmelt  in  the  Rocky  Mountains.  Later,  after  the 
snowmelt  ended,  a  second  low-flow  period  occurred  from  mid-August  to 
mid-October.  Both  periods  are  critical  in  terms  of  water  quality, 
but  higher  temperatures  in  late  summer  compounded  problems  during 
the  second  low-flow  period. 
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and  Nepesta,  Colorado;  and  sample  sites  on  tributaries  and  point 
sources  (adapted  from  Goddard,  1980) 


Water-dual itv  description 


The  water  quality  of  the  Arkansas  River  in  Pueblo  Countv,  Colorado, 

|  was  severely  affected  by  discharges  of  POD  and  ammonia  from  the  Pueblo 

sewaqe  treatment  olant  (ETP)  and  the  CF&I  Steel  Cornoration  nlant.  Water 
temperatures  were  increased  upstream  of  these  noint  sources  bv  the 
effluent  of  coolinq  water  from  a  Southern  Colorado  °ower  plant.  Nonpoint 
j  sources  enterinq  throuqh  several  drains,  creeks,  and  rivers  were  not  of 

qreat  importance  durinq  low-flow  periods. 

River  00  levels  dropped  from  saturation  upstream  of  Pueblo  to  a 
minimum  value  8  to  16  kilometers  (S  to  10  miles)  downstream  of  the  urban 
j  area.  This  minimum  value  violates  state  water-qualitv  standards  of  5 

milliqrams  per  liter  for  DO  durinq  the  sprinq  and  fall  low-flow  periods. 

The  no  balance  was  affected  by  reaeration  and  the  oxidation  of 
carbonaceous  and  nitroqenous  materials.  The  siqnificance  of  benthic 
|  oxvqen  demand  and  photosynthesis  was  unknown. 

Data  collection 

For  the  67-kilometer  (42-mile)  study  reach,  water-qualitv  data 
were  collected  at  23  sites  on  the  Arkansas  River,  7  outfalls  of  drainaqe 
'  networks,  R  tributaries,  and  4  wastewater  treatment  plant  outfalls. 

These  samnlinq  sites  are  shown  in  Fiqure  16  and  listed  in  Table  10. 

Specific  conductance,  no,  pH,  and  temperature  were  measured  at  the 
time  each  water  sample  was  collected.  Samples  were  analyzed  for  R-dav 
|  ROD  with  nitrification  inhibited,  total  Kieldahl  nitroqen,  total  ammonia 

nitroqen,  total  nitrite  nitroqen,  and  total  nitrite-nlus-nitrate  nitroqen. 
This  information  is  summarized  in  the  next  section. 

Eleven  to  twelve  samples  were  collected  over  a  24-hour  period  at 
I  treafc'ftent  plants  havinq  diurnal  variations  in  discharqe.  Constant  inflows 

were  sampled  4  to  R  times  over  the  2-day  study  periods.  The  river  was 
sampled  about  4  times  at  each  site  (Goddard,  1980,  and  Douqlas  Cain*). 

Nitroqen  samples  were  chilled  to  4  deqrees  Centiqrade  (39  degrees 
1  Fahrenheit)  in  transit  to  the  laboratorv  and  were  analyzed  within  24  to 


*  Written  communication,  January  1980,  Douqlas  Cain,  TJSGS ,  Pueblo, 
Colorado. 
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Table  10 


Data-Collection  Sites  on  the  Arkansas  River 


Site 

Num¬ 

ber^ 

Site  Identifier** 

Site 

Typet 

River 

Milett 

1 

381617 

1044306 

00 

M 

42 

(07080400) 

2 

381544 

1044144 

00 

M 

40.1 

3 

381604 

1044005 

00 

D 

38 

4 

381604 

1043942 

00 

D 

37.5 

5 

381603 

1043922 

00 

D 

37.3 

6 

381602 

1043926 

00 

M 

37.2 

(07089500) 

7 

381623 

1043905 

00 

D 

36.7 

8 

331608 

1043838 

00 

D 

36.2 

Q 

381624 

1043835 

00 

M 

36.2 

10 

381621 

1043820 

00 

D 

35.9 

11 

381628 

1043817 

00 

T 

35.7 

12 

381607 

1043725 

00 

N 

34.9 

12A 

381515 

1043631 

00 

T 

33.6 

13 

381607 

1043725 

00 

M 

33.5 

14* 

381508 

1043544 

00 

W 

32.8 

15 

381510 

1043509 

00 

M 

32.5 

16 

381515 

1043519 

00 

T 

32.3 

17 

381520 

1043420 

00 

M 

31.4 

18 

381522 

1043421 

00 

W 

31.3 

19** 

381522 

1043418 

00 

T,W 

31.2 

20 

381523 

1043416 

00 

M 

31.2 

_ _ Description _ 

Arkansas  River  upstream  of  Pueblo 

Arkansas  River  near  Goodnight 
Goodnight  drain  at  mouth 
Pueblo  Blvd.  storm  drain  at  mouth 
City  Park  Drain  Number  One  at  mouth 
Arkansas  River  near  Pueblo 

Northside  Waterworks  sluice  at  mouth 
City  Park  Drain  Number  Two  at  mouth 
Arkansas  River  near  Souths ide  Waterworks 
Northside  Waterworks  drain  at  mouth 
Dry  Creek  at  mouth 

Arkansas  River  at  4th  Street  Bridge 
1-25  Tributary  at  mouth 
Arkansas  River  at  Santa  Fe  Avenue 
Southern  Colorado  Power  outfall 
Arkansas  River  near  Colorado  Highway  227 
Fountain  Creek  at  mouth 

Arkansas  River  upstream  of  Pueblo  STP  outfall 
Pueblo  STP  outfall 
Salt  Creek  at  mouth 
Arkansas  River  at  Salt  Creek 


•  Site  number  refers  to  number  on  Figure  16. 

**  Latitude  (first  six  digits),  longitude  (next  seven  digits),  and  sequence  code  (last  two 
digits);  USGS  station  number  given  in  parenthesis  for  established  gaging  stations, 
t  M  *  main  channel  of  Arkansas  River;  D  *  drainage  ditch  or  pipe;  T  -  natural  tributary; 
w  *  wastewater  discharge. 

ft  River  miles  upstream  from  the  gaging  station,  Arkansas  River  near  Nepesta.  1  mi  =  1.61  km. 

♦  Discharge  of  cooling  water  from  Southern  Colorado  Power's  electrical  generating  facility, 
at  Pueblo.  Flows  originate  at  Runyon  Lake  upstream  from  site. 

**  Wastewater  from  CF6I  Steel  Coro,  is  discharged  to  Salt  Creek. 

Note:  Information  in  this  table  was  adapted  from  Goddard  (1980). 
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Table  10  (Concluded) 


Site  T 

dentif ier 

Site 

Type 

River 

Mile 

381547 

1043308 

00 

M 

29.8 

381601 

1043130 

00 

M 

27.9 

381530 

1042946 

00 

M 

25.8 

381609 

1042826 

00 

w 

24.2 

381600 

1042726 

00 

M 

23.3 

381556 

1042733 

00 

T 

23.2 

381613 

1042726 

00 

M 

23.1 

381632 

1042521 

00 

M 

20.5 

381453 

1042355 

oo 

M 

18.6 

(07109500) 

381440 

1042342 

00 

T 

18.1 

381432 

1042055 

00 

M 

15.3 

381443 

1041842 

00 

M 

12.4 

381401 

1041537 

00 

M 

7.8 

381332 

1041539 

00 

T 

7.4 

381336 

1041424 

00 

M 

6.7 

381247 

1041259 
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_ Description _ 

Arkansas  River  at  23rd  Lane 
Arkansas  River  at  29th  Lane 
Arkansas  River  at  Colorado  Highway  233 
Meadowbrook  STP  outfall 

Arkansas  River  upstream  o*  St.  Charles  River 

St.  Charles  River  at  mouth 

Arkansas  River  at  Colorado  Highway  231 

Arkansas  River  at  40th  Lane 

Arkansas  River  near  Avondale 

Sixmile  Creek  at  mouth 

Arkansas  River  at  Avondale 

Arkansas  River  at  Colorado  Canal  headgate 

Arkansas  River  at  Boone 

Huerfano  River  near  mouth 

Arkansas  River  at  Rocky  Ford  Highland 
Canal  headgate 

Arkansas  River  downstream  of  Rocky  Ford 
Highland  Canal  headgate 


381054  1040841  00 


M 


■0.7 


Arkansas  River  near  Nepesta 

Arkansas  River  at  Oxford  Farmers  Canal  headgate 


48  hours.  Nitroqen  samples  were  analyzed  usinq  standard  PROS  procedures 
(Skouqstad  and  others,  1878)  at  the  HSGR  Central  Laboratory  in  Denver, 
Colorado . 

Samples  of  ROD  were  also  chilled  upon  collection.  Rive-dav  tests 
were  run  with  an  inhibitor  added  to  prevent  nitrification. 

Discharqe  measurements  for  the  two  data-collection  survevs  were 
made  on  all  inflows  and  at  selected  points  in  the  stream.  Multiple 
discharqe  measurements  were  made  for  inflows  that  varied  hv  more  than 
25  percent. 

travel  time  and  channel  qeometry  were  measured  from  the  Pueblo 
STP  outfall  to  the  end  of  the  reach  (sites  20  to  37,  Table  10)  on 
September  17  to  21,  1878.  Travel-time  measurements  were  made  usinq 
Rhodamine  WT  fluorescent  dve  and  a  fluorometer.  Distance  from  the  bank 
and  depth  were  measured  at  multiple  distances  across  the  stream  for  72 
sites  (Cain,  Raldridqe,  and  Edelmann,  1880)  in  order  to  estimate  mean 
depth  and  area.  Measured  stream  depths  were  referred  to  the  water 
surface  at  each  cross  section  and  were  not  referred  to  a  common  datum. 

Durinq  October  1876,  Goddard  (1880)  measured  reaeration  coefficients 
between  sites  8  to  17,  sites  21  to  23,  sites  23  to  27,  and  sites  36  to  38 
usinq  the  modified  hydrocarbon  gas-tracer  technique  of  Rathbun,  Shultz, 
and  Stephens  (1875).  'Rhe  October  1876  reaeration  data,  collected  when 
the  discharqe  at  the  head  of  reach  was  11.3  cubic  meters  per  second  (400 
cubic  feet  per  second),  were  aeneralized  for  other  flow  conditions  bv 
determining  which  reaeration  equation  best  fit  measurements  for  this 
reach  of  the  Arkansas  River.  Comparinq  18  previously  published  reaeration 
equations  to  the  measured  data,  Goddard  determined  that  the  Padden  and 
Glovna  equation  (Cain,  Raldridqe,  and  Edelmann,  1880) 

K2  =  6.86  (u/H1,5)0,703  (5) 

best  described  reaeration  in  the  Arkansas  River  at  this  location.  In 
Equation  5 ,  u  is  the  reach-averaqed  velocity  in  feet  per  second,  H  is 
the  reach-averaoed  depth  in  feet,  and  K2  is  the  reaeration  coefficient 
at  20  degrees  Centigrade  (68  degrees  Rahrenheit)  for  a  natural  loaarithm 


in  units  of  per  day 


Data  Comparison 

Contrast  and  comparison  of  data 

The  data  collected  in  water-quality  studies  of  the  Chattahoochee 
River  in  Georgia,  Willamette  River  in  Oregon,  and  Arkansas  River  of 
Colorado  define  a  wide  range  of  physical,  chemical,  and  biological 
conditions.  The  data  base  describes  the  DO  balance  of  each  stream.  In 
addition,  some  information  is  available  to  describe  nitrogen,  phosphorus, 
coliform  bacteria,  and  heavy  metals. 

Table  11  compares  and  contrasts  the  three  sets  of  data.  The 
Willamette  River  is  a  large  sluggish  stream  while  the  Arkansas  River 
in  Colorado  is  a  small  fast-moving  stream.  The  Chattahoochee  River 
falls  between  the  two. 

There  are  roughly  orders  of  magnitude  differences  in  the  three 
streams  as  illustrated  by  reaeration  coefficients:  Chattahoochee  River, 

K2  =  0.3  to  11;  Willamette  River,  K2  =  0.05  to  0.4;  and  Arkansas  River, 

K2  =  6  to  15.  The  hydrology  and  geology  of  each  basin  along  with 
man's  activities  lead  to  this  wide  range  of  differences.  Snowmelt  is 
important  in  the  Willamette  and  upper  Arkansas  basins  but  not  important 
in  the  Chattahoochee  basin.  The  Arkansas  River  has  a  steep  bed  slope 
and  shallow  depths,  whereas  the  Willamette  River  is  deep  and  has  a  mild 
bed  slope.  The  Chattahoochee  River  is  flushed  clean  of  benthic  material 
on  a  weekly  basis  by  upstream  peaking-power  production,  but  the  Willamette 
still  ha s  appreciable  benthic  demand  from  excessive  discharge  of  organic 
materials  into  the  river  in  the  recent  past. 

Data  collected 

A  wide  range  of  data  was  collected  in  each  of  the  three  studies. 

The  data  fall  into  three  classes  that  include  hydraulic  measurements, 
field  measurements  of  water  quality,  and  laboratory  analysis  of  water 
quality. 

Table  12  compares  the  hydraulic  data  available  for  each  of  the 
three  separate  studies.  Discharge  measurements  were  excellent  for  the 
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Arkansas  and  Willamette  studies,  but  were  less  satisfactory  for  point 
sources  in  the  Chattahoochee  studv.  For  the  Chattahoochee  data, 
monthly  average  discharaes,  derived  from  records,  were  used  and 

other  tributaries  were  qaqed  inf reauentlv.  For  the  Arkansas  Fiver,  all 
inflows  were  qaqed  and  unsteady  inflows  (when  discharqe  varied  more  than 
20  nercent  over  a  24-hour  study  period)  were  measured  several  times  and 
averaged.  wastewater  treatment  nlant  records  were  used  in  the  Willamette 
study,  but  the  greater  dilution  effect  of  that  river  over-shadowed 
possible  errors  in  inflow  discharqe  measurements. 

Cross-section  data  were  more  accurate  in  the  Chattahoochee  data 
than  in  the  other  two  studies.  Actual  channel  coordinates  at  41  cross 
sections  were  measured  in  the  field  and  were  related  to  mean  sea  level. 
Width  and  denth  were  also  measured  durinq  a  boat  trip  down  the  river. 

Flood  studies  also  provided  cross-section  data  related  to  mean  sea  level 
for  the  Willamette  River.  In  addition,  estimates  of  reach-averaqed 
width  and  deoth  were  made  by  the  HSGS  from  field  measurements.  However, 
channel  coordinates  collected  for  hiqh-flow  conditions  mav  lack  detail 
necessary  for  adequate  representation  of  the  channel  durinq  low-flow 
conditions.  The  cross-section  data  collected  durina  the  Arkansas  River 
studv  lacked  completeness  because  those  data  were  not  referred  to  a 
common  datum.  Nevertheless,  because  of  the  steep  river  channel  slope,  a 
flow-routinq  model  makes  reasonable  estimates  of  travel  time  and  deoth 
based  on  the  measured  channel  cross-sectional  properties  and  local  channel 
slopes  taken  From  topocrraohic  maps. 

Travel  times  measured  or  estimated  in  each  studv  seem  to  be 
reliable.  Dye  studies  were  used  in  the  Arkansas  River  study  and  on  the 
upstream  seqment  of  the  Willamette  River.  Accurate  channel  volume 
measurements  on  the  Chattahoochee  River  and  lower  Willamette  River 
compensate  F0r  the  lack  of  dye  studies. 

Three  different  techniques  were  vised  to  determine  reaeration 
coefficients.  Reaeration  coefficients  for  the  Arkansas  River  were 
measured  with  a  hvdrocarhon-qas  tracer.  peapratinn  coefficients  were 
estimated  using  the  Velz  national  method  For  the  Willamette  River  in 
wh  i  o'-,  reaeration  coefficients  were  inw  fn.nt  to  0.4  per  day).  vte 
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in-stream  balance  of  DO  and  BOD  tended  to  confirm  the  reaeration 


•  • 


estimates.  tn  the  Chattahoochee  st.udv,  direct  measurements  were  made 
usinq  rad  ioact.  ive-qas  tracers.  These  measurements  compared  well  with 
reaeration  estimates  using  the  Velz  rational  method  (Velz,  1970). 

Table  13  lists  water-quality  measurements  and  samplinq  techniques 
used  in  each  study.  For  some  of  the  Chattahoochee  study  periods,  DO 
and  water  temperature  measurements  were  made  infrequently  (once  for  each 
inflow),  and  data  were  missing  for  some  STPs  and  tributaries.  Sampling 
techniques  were  well  adapted  to  the  size  of  each  river  except  samples 
were  taken  infrequently  for  some  Chattahoochee  River  tributaries.  Grab 
samples  were  appropriate  for  the  Arkansas  River  except  at  three  sites  on 
the  river  below  inflows  at  which  the  inflow  was  not  laterally  mixed  in 
the  river.  Cross-sectional  integrated  sampling  was  necessary  for  the 
Willamette  and  Chattahoochee  rivers  because  of  their  greater  widths. 

Table  14  lists  the  laboratory  analyses  performed  in  USGS  labora¬ 
tories.  When  deviations  occurred  from  standard  practice,  new  procedures 
were  fully  tested  beforehand.  The  Willamette  study  samples  were  analyzed 
in  the  Portland  Office,  but  qua lity-control  samples  were  sent  to  the 
USGS  Central  Laboratory  in  Salt  Lake  City,  Utah. 

Information  collected  for  the  Chattahoochee  River  study  described 
the  most  constituents,  but  some  of  the  data,  such  as  coliform  bacteria 
and  metals,  were  collected  infrequently.  The  Willamette  study  concen¬ 
trated  on  the  DO  balance  in  the  stream.  Separate  studies  of  metals  and 
nutrients  were  undertaken. 
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PART  V:  MODEL  APPLICATIONS  WITH  CHATTAHOOCHEE  RIVER  DATA 


Model  Preparation 


Application 

The  data  collected  from  the  Chattahoochee  River  were  reduced  to  fit 
the  data  requirements  of  each  of  the  four  models  outlined  in  Part  III. 

The  August  1976  and  May-June  1977  data  sets  were  used  for  calibration, 
and  the  July  1976  and  September  1976  data  sets  were  used  for  verifi¬ 
cation.  The  Streeter-Phelps  and  QUAL  II  models  were  applied  to  all  four 
data  sets.  The  WQRRS  model  was  applied  to  the  August  1976  data.  The 
MIT  model  was  not  used  to  simulate  any  of  the  data  because  of  program 
difficulties.  In  addition,  comparable  results  were  available  from  the 
Velz  rational  method  ( S tamer  and  others,  1979)  for  parts  of  the  August 
1976  and  May-June  1977  data. 

The  Streeter-Phelps,  QUAL  II,  and  WQRRS  models  were  used  to 
simulate  DO,  BOD,  organic  nitrogen  (Streeter-Phelps  model  only),  organic 
detritus  (WQRRS  model  only),  ammonia,  nitrite,  and  nitrate.  Ortho¬ 
phosphate,  fecal  coliform  bacteria,  chromium,  zinc,  and  lead  were 
simulated  with  the  Streeter-Phelps  and  QUAL  II  models.  Ultimate  BOD  was 
predicted  using  the  Streeter-Phelps  and  QUAL  II  models,  whereas  5-day 
BOD  was  predicted  using  the  WQRRS  model.  Stream  temperature  was 
predicted  using  the  QUAL  II  and  WQRRS  models.  Dissolved  lead,  chromium, 
and  zinc  were  simulated  as  conservative  substances.  Predictions  from 
Stamer  and  others  ( 1979)  based  on  the  Velz  method  included  BOD,  ammonia, 
nitrate,  and  DO  for  the  May-June  1977  data  and  DO  for  the  August  1976 
data. 

Stream  discretization  and  hydraulics 

Reaches  and  computational  elements  were  standardized  when  possible. 
In  the  case  of  the  Chattahoochee  River,  24  reaches  were  defined  for  the 
Streeter-Phelps  and  QUAL  II  models.  These  were  based  on  the  headwaters, 
21  inflows,  1  withdrawal,  and  1  point  where  hydraulic  characteristics 
changed  significantly.  Some  reaches  varied  in  length  between  the  two 
models  by  as  much  as  0.3  kilometers  (0.2  miles)  because  reaches  in  the 


OTiAL  TT  model  had  to  he  an  inteqer  multinle  of  the  element  lenqth. 

The  stream  discretization  for  the  WORRS  model  was  involved.  The 
limitation  of  10  inflows  dictated  that  the  studv  reach  be  broken  into  two 
separate  applications  and  three  insi  tmif icant  creeks  were  not  included. 
The  withdrawal  and  discharqe  of  Atkinson  and  McOonouqb  power  plants  were 
drooped,  and  the  heat  content  of  that  effluent  was  shifted  upstream  to 
the  headwaters  and  the  R.  V.  Clavton  Fewaqe  Treatment  Riant,  which 
affected  plots  of  temperature  versus  distance  for  RK  4R7.7R  to  4R1.55 
(P«  302.07  to  200.1).  Two  control  structures  dictated  that  three  reaches 
he  defined  in  the  upstream  seqment.  One  reach  was  defined  in  the  down¬ 
stream  seament.  Computational  elements  varied  in  lencrth  from  0.R4  to 
1.22  kilometers  (0.52  to  0.7ft  miles)  compared  to  the  o .40-kilometer 
(0.25  mile)  elements  used  in  the  Rtreeter-Phelns  and  COAL  IT  models. 

Travel  time  was  specified  for  the  Streeter-Phelps  model  in 
simulatinq  the  Auqust  1076  data,  and  travel  time  was  calculated  from 
discharqe  and  reach  volume  for  the  July  1976,  September  1°7ft,  and  Mav- 
June  1077  data.  The  OUAL  TI  model  was  applied  utilizinq  the  option  that 
approximated  the  channel  cross-section  shapes  with  a  trapezoid  and  routed 
the  flow  usinq  the  wanninq  equation.  The  Manninq  rouqhness  coefficients 
were  adjusted  until  the  simulated  Auqust  107ft  travel  times  matched 
measured  travel  times.  The  steadv  backwater  rout.inq  option  of  the  WORRP 
model  was  also  used  to  simulate  the  travel  time,  averaqe  depth,  and 
averaae  velocitv  also  from  data  describinq  cross  sections  and  discharqe. 
Rouqhness  coefficients  were  adjusted  until  the  simulated  travel  time 
aqreed  with  measured  travel  times. 

Water-aualitv  coefficients 

The  same  reaction  rates  and  coefficients  were  used  for  each  mode] 
except  for  wind-speed  coefficients.  This  exception  was  relatively 
unimportant  since  temperature  predictions  were  insensitive  to  wind-sneed 
coefficients  in  this  case.  For  the  other  coefficients,  deoxyqenation 
and  reaeration  coefficients  were  deduced  from  measurements;  nitrification 
coefficients  were  deduced  by  model  calibration;  finallv,  there  was 
evidence  indicatinq  that  benthic  demand  and  photosynthesis  were  not 


important 


Wind-speed  coefficients,  necessary  for  temperature  simulation, 
were  among  the  coefficients  that  were  determined  independently.  Johson 
and  Keefer  (  1979)  measured  wind  speed,  short-  and  lonq-wave  radiation, 
drv-  and  wet-bulb  air  temperature,  and  vapor  pressure  on  July  12-19 
and  August  1-8,  1976  at  the  R.  M.  Clayton  Sewaqe  Treatment  Plant.  Using 
these  data,  they  determined  that  the  wind-speed  function  for  this  part 
of  the  river  was  70  percent  of  3.01  +  1.13  •  (wind  speed).  The 
coefficient  3.01  has  units  of  millimeters  per  day  per  kilopascal. 

The  coefficient  1.13  has  units  of  millimeters  per  day  per  kilopascal 
per  meter  per  second. 

The  reaction  rate  for  BOD  was  chosen  as  0.16  per  day  at  20  degrees 
Centigrade  (68  degrees  Fahrenheit)  from  previous  studies  by  Stamer  and 
others  (1979)  using  the  Velz  method  and  Miller  and  Jennings  (1979)  using 
the  Streeter- Phelps  model.  Stamer  and  others  (1979)  developed  the  BOD 
rates  from  extensive  analysis  of  BOD  samples. 

Fecal  coliform  bacteria  data  were  limited  to  single  samples  of  each 
inflow  (a  few  inflows  were  not  sampled)  and  single  samples  at  seven  points 
in  the  river,  all  measured  during  the  August  1976  study.  The  die-off 
rate  was  estimated  as  0.08  per  day  from  an  EPA  compilation  of  published 
die-off  rates  (Zison  and  others,  1978)  because  the  in-stream  data  were  not 
accurate  enough  to  estimate  the  die-off  rate.  The  rate  was  estimated  so 
that  modeling  results  could  be  compared. 

Reaeration  coefficients  were  specified  as  input  data  from  Table  6 
for  the  Streeter-Phelps ,  QUAL  II,  and  WQRRS  models  and  were  not  changed 
for  the  four  different  surveys  (July  1976,  August  1976,  September  1976, 
and  May-June  1977)  except  to  correct  for  temperature  for  the  Streeter- 
Phelps  model  data.  Miller  and  Jennings  (1979)  noted  little  or  no  change 
in  the  reaeration  coefficient  with  discharge  in  the  range  of  flows  found 
during  this  study  (in  general,  K2  varies  with  changes  in  discharge). 

Orthophosphate  and  nitrate  uptake  rates  were  set  to  zero  since 
biomass  growth  and  nutrient  cycling  were  not  indicated.  Diurnal  changes 
in  DO  and  pH  were  small  at  all  sampling  sites  except  at  the  Atlanta  gage, 
which  was  at  the  head  of  reach.  On  August  30,  1976  at  the  Atlanta  gage, 

DO  varied  from  8.4  to  10.1  milligrams  per  liter  and  pH  varied  from  7.2 


4 


to  8.1.  Attached  plants  were  observed  at  this  point  and  downstream  of 
the  'v'hitesbura  qaqe  at  the  end  of  the  study  reach.  In  addition,  each 
diurnal  DO  record  at  all  sampling  sites  in  the  study  seament  were  analyzed 
usinu  the  Odum  technique  (Stephens  and  Jenninqs,  1Q7ft)  indicatinq  that 
the  net  productivity  of  no  was  ins iqn i f icant .  As  an  example,  measurements 
at  the  Fairhurn  <taqe  in  the  mi  Hie  of  the  reach  on  Auqust  30  ,  197ft  showed 

diel  variations  of  2ft  to  27.2  deurees  Centiqrade  (78.8  to  80. ft  deqrees 
Fah renhe it .  ) ,  4.1  to  ft. 2  milligrams  per  liter  of  DO,  and  no  change  in  pH 
from  ft.n,  despite  low  buffer  capacity.  Alkalinity  varied  from  12  to  22 
milligrams  per  liter  as  calcium  carbonate  and  phytoplankton  varied  from 
218  to  2S00  cells  per  milliliter  over  the  period  January  1976  to  June 
1-877.  Finally,  later  modelinq  results  confirm  that  orthophosphate  was 
not  removed  by  biota  and  nitrate  builds  up  in  the  stream  without  removal. 

The  rate  of  decay  for  organic  nitrogen  and  detritus  was  estimated 
from  a  plot  of  concentration  versus  travel  time  and  modified  slightly  in 
the  calibration  phase.  Decay  rates  of  ammonia  and  nitrite  were  estimated 
and  modified  during  calibration.  Those  decay  rates  were  0.2  per  day  for 
oraanic  nitrogen,  0.3  per  day  for  ammonia,  2.6  per  day  for  nitrite,  and 
0.0  per  day  for  nitrate  at  20  degrees  Centiqrade  (68  degrees  Fahrenheit). 

Benthic  oxygen  demand  was  assumed  to  be  negligible.  Except  for 
attached  plants  in  a  short  segment  at  the  head  of  the  reach  and  bedrock 
outcroppings ,  the  bottom  material  consisted  of  sand.  Deposits  of  organic 
materials  downstream  of  wastewater  treatment  plants  were  not  detected. 

Peak  hydropower  releases  could  be  expected  to  scour  the  channel  clean  on 
a  weekly  basis.  This  is  consistent  with  the  bank  erosion  problems  (Jobson 
and  Keefer,  1979)  that  occurred  just  upstream  of  this  study  reach. 

Missing  and  inconsistent  data 

Several  difficulties  were  encountered  in  preparing  the  data  that 
describe  the  water  quality  of  the  river  and  tributaries  entering  the 
river.  These  involved  measurement  of  organic  loads  at  the  STPs, 
estimation  of  the  quality  of  the  power-plant  effluent,  the  conversion  of 
5-day  BOD  to  ultimate  BOD,  and  the  conversion  of  organic  nitrogen  to 
orqanic  detritus. 

Some  organic  loads  from  the  wastewater  treatment  plants  and 
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tributaries  were  underestimated  for  all  four  data  collection  periods. 
Single  grab  samples  collected  during  the  August  and  September  1976 
surveys  were  not  representative  of  average  loads  (July  1976  loadings 
were  estimated  from  August  1976  loadings).  Since  discharge  was  estimated 
from  dailv  treatment  plant  records,  the  problem  was  compounded.  Multiple 
grab  samples  collected  during  the  May-June  1977  survey  were  representative 
of  the  average  waste  treatment  loads  except  the  R.  M.  Clayton  plant 
loading  was  underestimated. 

Estimates  of  wastewater  treatment  plant  and  tributary  loads  were 
revised  if  needed,  using  in-stream  measurements  of  discharge  and  water 
quality.  The  procedure  involved  a  mass  balance  in  the  stream  using  the 
next  upstream  and  the  next  downstream  sites  bracketing  the  location  where 
the  questionable  load  entered  the  river.  This  procedure  was  valid 
because  the  in-stream  measuring  sites  were  originally  chosen  such  that 
the  stream  was  laterally  mixed.  For  fu.ther  assurance,  samples  were 
composited  from  four  depth-integrated  aliquots  taken  across  the  stream.* 

The  withdrawal  and  discharge  of  the  power-plant  cooling  water  at 
RX  481.6  ( RM  299.1)  were  treated  in  a  similar  fashion.  Effluent  dis¬ 
charge  was  estimated,  and  then  the  effluent  temperature  was  calculated 
from  upstream  and  downstream  measurements  of  water  temperature.  It  was 
assumed  that  other  water-quality  parameters  did  not  change  as  the  water 
was  withdrawn  and  returned  and  that  the  water  withdrawn  was  equal  to  the 
amount  returned  to  the  stream. 

Five-day  BOD  was  reported  for  the  July,  August,  and  September  1976 
studies,  while  5-day  and  ultimate  ROD  was  reported  for  the  May-June  1977 
study.  Since  the  QUAL  II  and  Streeter-Phelps  models  work  on  the  basis 
of  ultimate  BOD,  a  conversion  factor  was  needed  (the  QUAL  II  model  has  a 
5-day  ROD  option,  but  it  converts  5-day  BOD  to  ultimate  ROD  using  a  fixed 
deoxygenation  rate  of  0.23  ner  day).  Optimum  deoxygenation  rates  should 
not  vary  whether  ultimate  or  5-day  BOD  is  used,  but  if  5-day  ROD  is  used, 
less  DO  is  consumed  through  BOD  decay. 

The  ROD  data  collected  in  May-June  1977  show  ultimate  BOD  is  2.5 


* 


Personal  communication,  June  19R1,  Robert  Faye,  HSGS,  Atlanta,  Georgia. 


times  larger  than  5-day  BOD.  The  ratio  varied  from  2.1  to  3.5  without  a 
noticeable  difference  between  BOD  samples  collected  in  the  river  or  from 
sewage  treatment  plants  and  tributaries.  The  5-day  BOD  data  collected 
during  July,  August,  and  September  1976  were  multiplied  by  2.5  to  convert 
that  data  to  ultimate  BOD. 

Because  the  WQRRS  model  simulated  organic  detritus  rather  than 
separate  components  that  include  organic  nitrogen,  organic  nitrogen  data 
were  used  to  estimate  organic  detritus  concentrations .  Organic  detritus 
was  assumed  to  contain  8  percent  organic  nitrogen  because  that  factor 
was  used  as  a  default  conversion  factor  in  the  WQRRS  model. 

Model  Results 

Calibration 

Model  results  for  the  Streeter-Phelps  and  QUAL  II  models  were 
obtained  through  calibration  using  the  August  1976  and  May-June  1977 
data.  The  WQRRS  model  was  calibrated  with  the  August  1976  data.  The 
Streeter-Phelps  model  was  calibrated  to  simulate  BOD;  organic  nitrogen; 
ammonia;  nitrite;  nitrate;  DO;  orthophosphate;  coliform  bacteria;  and 
dissolved  chromium,  lead,  and  zinc,  in  that  order.  Travel-time  and 
stream-temperature  measurements  were  specified  as  input  data.  The 
QUAL  II  model  was  calibrated  to  simulate  velocity;  depth;  temperature; 
BOD;  ammonia;  nitrite;  nitrate;  DO;  orthophosphate;  coliform  bacteria; 
and  dissolved  chromium,  lead,  and  zinc,  in  that  order.  The  WQRRS  model 
was  calibrated  to  simulate  velocity,  depth,  temperature,  BOD,  detritus, 
ammonia,  nitrate,  and  DO,  in  that  order. 

Deoxygenation,  reaeration,  nitrate  uptake,  orthophosphate  uptake, 
and  coliform  bacteria  die-off  coefficients  were  estimated  independently 
and  were  not  changed  during  calibration.  Nitrification  coefficients  for 
organic  nitrogen  or  detritus  decay,  ammonia  decay,  and  nitrite  decay 
were  chosen  using  the  calibration  data.  Equivalent  coefficients  were 
used  in  all  three  models. 

For  the  August  1976  data,  the  QUAL  II  model  predicted  a  travel 
time  from  Atlanta  to  Whitesburg  ( RK  487.8-418.4,  RM  302.97-259.85)  of 


45.3  hours.  The  WQRRS  model  predicted  a  travel  time  of  44.0  hours.  The 
measured  travel  time  specified  in  the  Streeter-Phelps  model  was  44.3 
hours.  Figures  17  and  18  compare  depth  and  velocitv  simulated  bv  the 
QUAL  IT  and  WQRRS  models  to  reach-averaqe  depth  and  velocity  specified 
for  the  Streeter-Phelps  model. 

Next,  the  QUAL  II  and  WQRRS  models  were  calibrated  to  simulate 
temperature.  Jobson  and  Keefer  (1979)  and  Faye,  Jobson,  and  Land  (1979) 
determined  that  the  wind-speed  function  for  the  Chattahoochee  River 
should  be  70  percent  of  the  wind-speed  function  derived  by  an  enerqy 
balance  in  the  San  Diego  Aqueduct  (Jobson  and  Keefer,  1979,  p.  6). 
However,  because  the  WQRRS  and  QUAL  II  models  simulated  short-  and 
long-wave  radiation  and  did  not  explicitly  compensate  for  tree  shading, 
some  differences  result  that  must  be  taken  into  account  with  the  wind- 
speed  function.  In  addition,  both  models  had  an  atmospheric-turbidity 
factor  that  was  estimated. 

In  calibrating  the  QUAL  II  model,  it  was  discovered  that  a  program 
error  existed  in  the  steady-state  temperature  submodel  (see  NCASI,  1980, 
for  a  detailed  explanation).  Using  Jobson's  wind-speed  coefficients 
(a  +  bW)  of  a  =  2.44  •  10-g  meter  per  second  per  millibar  (0.001  feet 
per  hour  per  inch  of  mercury)  and  b  =  9.16  •  10“^  per  millibar  (0.00016 
feet  per  hour/inch  of  mercury/miles  per  hour)  and  estimating  the  dust- 
attenuation  coefficient  as  0.04,  the  QUAL  II  model  underpredicts 
temperature  by  as  much  as  4.5  degrees  Centigrade  (8.1  degrees  Fahrenheit) 
compared  to  the  August  1976  data. 

After  correcting  the  program  error,  the  optimum  wind-speed 
function  was  determined  such  that  the  root  mean  square  (RMS)  error  was 
minimized.  For  the  August  1976  data,  the  optimum  wind-speed  function 
was  0.55  of  the  function  determined  for  the  San  Diego  Aqueduct.  The 
optimum  for  the  May-June  1977  data  was  0.80.  The  sum  of  the  RMS 
error  for  both  data  sets  indicated  0.65  was  the  optimum  factor,  compared 
to  0.70  determined  by  Jobson  and  Keefer  (1979)  for  Chattahoochee  River 
upstream  of  Atlanta,  and  Faye,  Jobson,  and  Land  (1978)  for  this  reach 
downstream  of  Atlanta.  because  the  RMS  difference  between  the  factor 
0.65  and  0.70  was  1.33  versus  1.36  and  the  determination  of  0.70  by 
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Streeter-Phelps  Model  (Specified) 


nodel  to  mean  velocities  simulated  by  the  QUAL  II  and  WQRRS 
models  for  the  Chattahoochee  River 
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or  the  Chattahoochee  River 


the  invpstiaa^ors  cited  in  the  preceding  sentence  was  based  on  longer 
periods  of  time  and  two  different  reaches  of  the  river,  the  factor 
0.7  'a  =  2.44  •  10-C1  meters  ner  second  ner  millibar  (0,001  feet  per 
hour  ner  inch  of  mercurv)  and  h  =  Q.IP.  •  10~^n  per  millibar  (0.80016 
feet  per  hour/inch  of  mercurv/mi les  ner  hour)]  was  adopted  alnnq  with  a 
dust  attenuation  factor  of  0.04  in  calibratinq  the  OPAL  IT  model. 

These  results  are  shown  in  Figure  1Q. 

The  WORRS  model  overpredicted  temperature  using  Jobson 1 s 
coefficients,  but  onlv  by  2  deqrees  Centigrade  (4  degrees  Fahrenheit) 
at  most  for  the  August  1Q76  data.  The  WQRRS  model  simulation  shown  in 
Figure  1Q  is  based  on  default  coefficients  of  a  =  0.0,  b  =  1.1  •  10~^n 

per  millibar  (0. 000026  feet  per  hour/inch  of  mercurv/mi 1 es  per  hour) 
and  an  atmosnheric-turbiditv  factor  =  2.0.  Results  based  on  these 
coefficients  are  illustrated  in  Figure  1Q  and  were  used  as  final 
calibration  values  because  these  results  showed  that  the  WORRS  model 
could  mate  predictions  under  these  conditions  to  within  2  degrees 
Centigrade  (4  deqrees  Fahrenheit)  of  measurements,  withonf  prior 
calibration,  usinq  coefficients  recommended  in  the  model  documentation 
(Smith,  1°7R).  mt|i<-  difference  in  wind-speed  coefficients  was  the 
only  case  where  different,  model  coefficients  were  used. 

The  high  temperature  predictions  made  by  the  WQRRS  model  between 
RK  487. R  to  RK  481.6  ( RM  302.87-298.1)  were  due  to  the  unstream  shift  of 
the  heat  load  enterinq  at  RK  481.6  (PM  289.1).  This  did  not  effect  the 
validitv  of  the  results  downstream  of  RK  481.6  (  rm  2qo.1). 

In  the  third  step,  Ron  predictions  based  on  a  K^  of  0.16  per  day 
were  checked.  Figure  20  indicates  that  0.16  per  day  was  appropriate, 
comparison  of  data  in  Figure  20  shows  that  the  May-June  1977  BOD 
predictions  from  the  Ftreeter-Phelps ,  Oil  AT.  IT,  and  Velz  models  were 
equivalent  desnite  the  differences  in  solving  the  mass  balance  equations, 
mho  slight  difference  in  predictions  of  Ron  between  the  Ft reeter-Rhelps 
and  criAJ,  TT  models  indicated  that  numerical  dispersion  in  the  citat,  TT 
model  was  insignificant  for  these  steady-state  simulations. 

Ri ve-dav  nnp  predictions  from  the  MCippg  model  shown  in  riqurp  20 
were  not  equivalent  to  ultimate  Ron  predictions  from  the  Ft .reefer— Rhe Ins 


•  • 


•  • 


•  • 


-•  ••• 


•  • 


•  • 


•  • 


117 


WATER  1  I.MI’I  KATI  HI- 


ALGl'ST 

CiiliLration 


'  i - r  i  ■  -  ■  —  i 

»m>  i»;o  uu  n> 


im'KH  KILOMETERS 

[•[STANCE  I-PSTKHAM  OF  THE  MOL'TII  OF  THE  CHATTAHOOCHEE  RIVER 


« 


-# 


Figure  19.  Observed  and  predicted  water  temperatures  in  the 

Chattahoochee  River 
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Figure  20.  Observed  and  predicted  biochemical  oxygen  demand 
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and  QUAL  II  models.  The  ratio  of  ultimate  to  5-day  BOD  varied  from 
2.5  at  the  head  of  the  reach  to  2.1  at  the  downstream  end  of  the  reach 
rather  than  remaining  constant  at  2.5  over  the  entire  reach.  This 
occurred  despite  the  fact  the  same  deoxygenation  rate  and  BOD  loads 
were  specified  for  the  WQRRS,  Streeter-Phelps ,  and  QUAL  II  models. 

The  WQRRS  model  appeared  to  use  the  same  temperature  correction  for 
,  and  temperature  predictions  were  about  the  same  (Figure  19).  The 
manner  in  which  dispersion  was  included  in  the  numerical  solution  of 
the  mass  balance  equations  for  the  WQRRS  model  was  unclear. 

The  fourth  step  of  the  calibration  involved  determination  of 
coefficients  for  the  nitrification  process.  At  this  point,  the  Streeter- 
Phelps,  QUAL  II,  and  WQRRS  models  diverge  in  formulation.  The  Streeter- 
Phelps  model  simulates  organic  nitrogen,  ammonia,  nitrite,  and  nitrate. 
The  QUAL  II  model  simulates  ammonia,  nitrite,  nitrate,  and  chlorophyll  a. 
The  WQRRS  model  predicts  organic  detritus  (8  percent  organic  nitrogen), 
ammonia,  nitrite  (not  printed),  nitrate,  and  several  different  forms  of 
biota. 

Figure  21  illustrates  the  calibration  of  the  Streeter-Phelps  and 
WQRRS  models  to  predict  total  organic  nitrogen  or  detritus  using  the 
August  1976  data.  In  order  to  predict  detritus  with  the  WQRRS  model, 
organic  sediment  had  to  be  simulated.  Since  no  data  existed,  the 
initial  amount  of  organic  sediment  was  specified  as  zero  and  the  settling 
velocity  of  detritus  was  specified  as  zero.  However,  a  recent  update 
corrects  this  problem  so  that  detritus  can  be  modeled  without  modeling 
organic  sediment. 

Figure  21  indicates  first-order  decay  with  a  decay  rate  of  0.2 
per  day  used  in  the  Streeter-Phelps  model  was  adequate  for  simulating 
organic  nitrogen  in  the  Chattahoochee  River.  The  tendency  for  total 
organic  nitrogen  to  decrease  with  distance  downstream  of  the  waste 
treatment  plants  may  also  confirm  the  initial  hypothesis  that  phyto¬ 
plankton  growth  was  not  significant. 

As  it  did  with  BOD,  the  WQRRS  model  showed  a  difference  in  or¬ 
ganic  nitrogen  decay.  Figure  21  shows  the  detritus  prediction  of  the 
WQRRS  model  for  August  1976  data  using  a  decay  rate  of  0.2  per  day  and 


UIVKH  KU.OMK  I 

Dl.'-TASCI.  [  PS1RKAM  or  I  UK  MCJITI!  OK  THK  CHATTAHOOC  III  I  HI  VI  H 

Figure  21.  Predictions  of  organic  nitrogen  (Streeter-Phelps  model)  and 
organic  detritus  (WQRRS  model)  compared  to  measurements 
for  the  Chattahoochee  River 


the  same  waste  loads.  torwre^  wit1'  the  St ree t er-Phel ns  model  simulation, 
detritus  was  removed  at  a  slower  rate  tKan  oraanir  nilroaen. 

Next.,  the  ammonia  decav  rate  was  estimated  as  0 . 3  nor  lav  for  the 
St reeter-Phe Ins  model  us i no  the  agreements  of  ammonia,  nitrite,  nitrate, 
an1  PO  predictions  with  measurements  made  August  107fi  and  Mav-Juno 
1°77  as  criteria.  followinq  that,  the  nitrite  decav  rate  was  ad-justed 
sliqhtiv  to  3.P  ner  dav.  The  nitrate  removal  rate  remained  zero. 

Following  this,  the  ammonia  decav  rate  of  n . 7  ner  dav  and  nitrite 
decav  rate  of  ?.P  per  dav  were  specified  for  the  OHAT,  IT  and  woppp 
models.  ^innass  was  not  modeled.  mp,e  OHAT,  TT  model  simulation  confirmed 
the  Streeter-fhel ps  model  calibration.  p iqures  2.2  and  22  compared  model 
predictions  for  ammonia  and  nitrate  to  measurements.  M it rite  was  not 
plotted  since  the  OUAJ,  II  and  ptorrp  models  did  not  print  those  results 
in  the  model  summaries  of  results.  However,  the  Ftreeter-Phelns  model 
simulations  of  nitrite  were  accurate.  In  general,  the  predictions  of 
nitrite  were  higher  than  measurements,  hut  the  differences  were  minor. 

T’hp  Mav-June  1^77  nlot  in  Fiqure  2.2.  illustrates  good  agreement 
between  the  Velz  model  and  the  OtTAL  II  model  in  predicting  ammonia  which 
was  to  he  expected  since  neither  model  simulated  organic  nitrogen  decav. 
'T’he  August  1Q7P  and  Mav-June  1^77  applications  of  the  Ftreeter-Phelns 
and  or  tat,  IT  models  demonstrated  that  organic  nitrogen  decay  had  a  small 
pTfprf  on  ammonia  predictions.  At  most,  the  Ftreeter-Phe Ins  model 
predicted  0.7  milligrams  per  liter  more  ammonia  nitrogen  than  the  ottai,  TI 
model  at  pt  41P.4  (pm  nsq.RS)  for  Mav-June  1177.  The  August  1q7P 
application  indicated  that  smaller  amounts  of  ammonia  were  removpd  in 
the  won pp  model  simulation  when  compared  to  the  Streeter-Fhel os  model 
simulation  using  equivalent  ammonia  decav  rates  and  loadinqs.  This 
followed  the  trend  noted  from  the  simulation  of  POD  and  detritus. 

Fiqure  2.2,  illustrating  nitrate  measurements  and  predictions, 
indicated  a  difference  in  the  Velz  model  and  the  OPAL  IT  model.  However, 
since  details  for  the  Velz  model  were  not  available,  the  cause  of  this 
difference  was  unknown.  In  addition,  the  expanded  scale  in  Figure  23 
better  illustrates  the  effect  of  modeling  organic  nitrogen.  mhe 


Ftreeter— Phel ps  model  predicted  0,  ?  to  1.3  milligrams  per  liter  of 
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DISTANCE  UPSTREAM  OF  THE  MOUTH  OF  THE  CHATTAHOOCHEE  RIVER 


Figure  22.  Observed  and  predicted  ammonia-nitrogen 
Chattahoochee  River 


nitrate  nitrogen  more  than  the  QUAL  II  model  because  of  orqanic  nitroqen 
simulation. 

The  WQRRS  model  predictions  for  nitrate,  for  the  August  1976 
application,  indicated  that  the  nitrate  balance  was  uncoupled  from 
ammonia  decay.  Simulated  nitrate  concentrations  changed  at  inflows  but 
did  not  respond  to  ammonia  decay. 

In  summary,  the  Streeter-Phelps,  QUAL  II,  and  Velz  models  gave 
about  the  same  results  for  ammonia  and  nitrate.  Simulation  of  organic 
nitrogen  decay  had  a  minor  effect  on  the  results.  The  WQRRS  model 
predicted  slower  ammonia  decay  and  nitrate  predictions  were  incorrect. 

In  the  fifth  step,  DO  predictions  were  checked.  Measured 
reaeration  coefficients  were  specified  for  the  Streeter-Phelps,  QUAL  II, 
and  WQRRS  models.  Reaeration  coefficients  were  computed  by  Stamer  and 
others  (1979)  using  the  Velz  technique  in  the  Velz  model.  Benthic  demand 
and  photosynthesis  were  assumed  to  be  insignificant. 

Figure  24  illustrates  DO  predictions  and  measurements  used  for 
calibration.  The  Streeter-Phelps,  QUAL  II,  and  WQRRS  models  tended  to 
overpredict  DO  for  August  1976  in  the  downstream  reaches  compared  to  the 
few  data  collected  from  that  segment.  Differences  between  the  single 
measurement  at  RK  419.36  ( RM  259.85)  and  predictions  from  the  Streeter- 
Phelps,  QUAL  II,  and  WQRRS  models  were  1.5,  2.0,  and  2.5  milligrams  per 
liter,  respectively.  The  more  reliable  May-June  1977  data  were  in 
better  agreement  with  predictions  from  the  Streeter-Phelps  and  QUAL  II 
models.  Both  models  also  slightly  overpredict  DO  for  the  May-June  1977 
data.  The  greatest  difference  between  mean  observations  and  predictions 
was  0.7  and  1.0  milligrams  per  liter  for  the  Streeter-Phelps  and  QUAL  II 
models,  respectively. 

The  Velz  model  simulation  was  in  close  agreement  with  both  sets  of 
calibration  data.  However,  the  Velz  iterative  technique  was  used  to 
calculate  reaeration  forcing  a  better  fit  to  the  data  than  was  achievable 
using  reaeration  measurements  by  Tsivoglou  and  Wallace  (1972). 

Different  model  predictions  of  DO  were  attributed  to  several 
factors.  First,  the  simulation  of  organic  nitrogen  resulted  in  small 
differences  in  predictions  of  ammonia  and  nitrate  for  the  Streeter-Phelps 
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tran^laf  n  >  "to  lamer  oxvaen  demands  hv  a  faehir  nf  4.^7.  Pemn  * , 
lefrifus,  non,  and  ammonia  decayed  at  slower  rates  in  the  '-’Opps  nn'e] 
s inn! at  inn . 

Overall,  the  ralitrations  fnr  the  St reet er-Phelns ,  ohm,  IT,  an! 
woppp  nolpls  were  reaqnnatle.  Temperature  predictions  from  the  on^L  IT 
and  words  models  were  accurate.  Measurements  of  Ron  showed  considerable 
scatter  but  nred i rt ions  aleauatelv  described  mean  concentrations. 

'Titrocren  predictions  were  also  adequate  and  confirm  that  nhotosvnthes i s 
was  not  important.  no  predictions  were  reasonable,  but  showed  a  tendency 
to  overestimate. 

tollowina  no  calibration,  ortbophosnbate  was  simulated  with  a  zero 
untatp  rate  hv  biomass  to  confirm  that  photosynthesis  was  not  sictnif icant. 
whg  data  describina  orthoobosnhate  were  limited  to  the  Aucyust  1  97h  and 
,Jlav-June  1R77  studies.  fiqure  confirms  that  orthonhosohate-phosphorus 
can  he  simulated  as  a  conservative  substance  for  this  seoment  of  the 
Chattahoochee  River  usinct  the  Ftreeter-Phelps  or  chal  II  models. 

Finally,  limited  data  describina  fecal  coliform  bacteria  and 
dissolved  chromium,  lead,  and  zinc  from  the  Auaust  197b  study  were  used 
to  evaluate  options  to  nredict  coliform  bacteria  and  three  conservative 
substances  in  the  Streeter — Phelns  and  onAL  II  models.  figure  2b  shows 
f^at  the  Streeter-Rhelns  and  Ot’AL  TT  models  nave  eauivalent  predictions 
for  feral  coliform  bacteria  with  a  die-off  rate  of  O.np  per  dav  estimated 
from  ^isnn  and  others  (1979).  The  data  in  Fiaure  ?b,  resultina  from 
sinale  arab  samples,  were  not  suitable  to  determine  the  validity  of  the 
first-order  die-off  formulations  for  predictinq  fecal  coliform  bacteria. 

oi.ssolved  metal  measurements  in  fi.qure  27  were  also  based  on  sinqle 
arab  samples.  Tn  modelinq  the  data,  both  the  Streeter-Phel  ns  and  onz^y,  XT 
models  aave  the  same  predictions  as  was  to  be  expected  since  the 
simulations  were  based  on  the  conservative  substances  options  in  the 
models.  mhe  predictions  indicate  that  chromium  seems  to  behave  as  a 
conservative  substance  for  this  seqment.  of  the  Chaff ahoocbee  River, 
whereas  lead  and  zinc  does  not.  Tn  comparing  the  two  models,  the  OPAL  TT 
model  has  tt0  area ter  flexibility  in  that  units  of  the  ronserva t i ve 
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Figure  27.  Observations  and  predictions  of  dissolved  metals 
(assuming  the  metals  behave  as  conservative  substances), 
Chattahoochee  River 


substance-  can  be  specified. 


The  St reet er-Phe Ips  model  is  limited  to 


the  concentration  units  of  milliqrans  per  liter. 

Ver i f icat ion 

Following  calibration,  the  temperature  predictions  of  the  QUAL  IT 
model,  the  orqanic  nitroqen  predictions  of  the  Streeter-Phelps  model, 
and  the  POD,  amnonia,  nitrate,  and  DO  predictions  of  the  Streeter-Phelps 
and  QUAL  II  models  were  verified  using  the  coefficients  determined  by 
calibration.  These  predictions  were  compared  to  the  July  and  September 
197A  data  in  Fiqures  19  through  25. 

Figure  19  shows  that  the  temperature  predictions  from  the  QUAL  II 
model  were  accurate  to  0.6  degrees  Centigrade  (1.1  degrees  Fahrenheit) 
compared  to  the  verification  data.  The  qreatest  difference  between 
predictions  and  the  mean  of  measurements  at  a  point  in  the  calibration 
data  was  1.7  degrees  Centiqrade  (3.1  deqrees  Fahrenheit).  The  larqe 
difference  between  the  May-June  1977  observation  at  RX  4R1.55  ( RM  299.1) 
and  the  prediction  from  the  QUAL  II  model  was  due  to  discretization 
error . 

Figure  20  shows  the  verification  of  the  BOD  formulations  for  the 
July  and  September  1976  data.  Despite  considerable  scatter  in  the  data, 
results  from  the  Streeter-Phelps  and  QUAL  II  models  seem  to  be  adequate. 
The  greatest  difference  between  predictions  and  mean  observations  was 
7.4  milligrams  per  liter  or  53  percent. 

Figures  21  to  23  confirm  nitrification  predictions.  The  greatest 
difference  between  oraanic  nitroqen  predictions  from  the  Streeter-Phelps 
model  and  mean  observations  t'-om  juiy  1976  was  0.07  milligrams  per  liter. 
The  greatest  difference  between  ammonia  predictions  and  mean  observations 
from  July  197c.  was  0.15  milligrams  per  liter  for  the  Streeter-Phelps 
model  and  0.25  milliarams  ner  liter  for  the  QUAL  II  model.  The  greatest 
difference  between  nitrate  predictions  and  mean  observations  from  Julv 
1976  was  0.0°  milligrams  per  liter  for  the  Streeter-Phelps  model  and 
0.07  milliqrans  per  liter  for  the  QUA!,  II  model. 

Fiqures  21  to  23  also  include  predictions  of  orqanic  nitrogen. 
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ammonia,  and  nitrate  for  September  1976  despite  the  fact  that  few  data 
were  collected  to  compare  with  predictions.  The  plots  show  that  the 


ranqe  of  predict  inns  are  not  qreatlv  different  from  the  ranqe  for  which 
the  novels  were  calibrated  and  illustrate  the  difference  due  to  orqanir 
nitrooen . 

riqure  .14  confirmed  the  predictive  capability  For  nf>.  There  was 
a  qood  fit  to  September  107?.  measurements  but  a  less-than-satisfartorv 
Fit  to  the  July  1q76  data.  mhe  greatest  difference  between  mean 
observation  and  prediction  was  3.0  milliqrams  per  liter  or  30  percent 
for  the  Julv  1q76  data.  The  July  11,  1q76  no  data  were  collected  in  a 
period  of  less  than  a  dav  and  measurements  at  R^ ' s  474. 3q,  467. R.7,  and 
413.36  (RM's  204.66,  700.67,  and  36C).R6)  exceed  no  saturation  values 
where  there  was  no  indication  that  supersaturated  conditions  existed. 
Because  this  was  the  first  study,  prohlems  may  have  occurred  in  calibratinq 
no  meters  or  the  flow  mav  have  not  been  steady  throuqhout  the  reach  for 
this  short  period. 

Comparison 

These  model  applications  usinq  the  Chattahoochee  River  data 
indicates  that  the  Streeter-Phelps ,  QPAL  II,  and  Velz  models  qive 
about  the  same  results  despite  sliqhtly  different  formulations.  The 
Streeter-Phelps  and  velz  models  were  limited  to  steady-state  conditions 
and  did  not  simulate  travel  time  and  temperature.  Sliqht  differences 
in  BOO  and  coliform  bacteria  predictions  between  the  Streeter-Phelps  and 
OPAL  II  models  indicated  that  numerical  dispersion  in  the  OPAL  II  model 
was  small.  The  OP AT.  IT  model  did  not  simulate  organic  nitroqen,  leadinq 
to  small  differences  in  nitroqen  predictions  and  qreater  differences  in 
no  predictions  compared  to  the  Streeter-Rhelps  model.  The  data  were  not 
precise  enouqh  to  determine  the  siqnificance  of  this  diffeience. 

Temperature  predictions  from  the  OPAL  II  and  WORRS  models  were 
quite  accurate.  These  results  indicate  that  the  OPAL  II  model  needs 
calibration  to  achieve  this  accuracy.  The  WORRS  model  seems  capable  of 
ma^inq  accurate  temperature  predictions  without  calibration  based  on 
the  quidance  qiven  in  the  documentation  and  accurate  inflow  data. 

mSe  woprs  model  uses  first-order  decav  formulations  to  describe 
detritus,  ammonia,  and  non  like  the  St reeter-Phe Ins  and  OPAL  IT  models. 
However,  despite  usinq  the  same  loading  and  decay  coefficients  in  all 
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three  models,  the  wnpps  model  predicts  less  detritus,  ammonia,  and  Ron 
removal.  This  di  fprence  can  nrohahlv  he  attributed  to  hiqher  dispersion 
computed  in  the  mop os  model . 

In  addition,  f-dav  POO  utilized  hv  the  WQRRS  model  had  an  internal 
conversion  to  ultimate  non  usinq  the  factor  1.46.  For  these  data  that 
factnr  should  have  been  ?  .  6 .  This  led  to  an  overnrediotion  of  00  since 
the  oxvqen  demand  due  to  ROD  was  undernredicted  hv  a  factor  of  O.SR. 

Nitrate  predictions  from  the  WORRS  model  proved  to  he  invalid. 
Nitrite  decav  was  not  coupled  to  the  nitrate  formulation.  This  problem 
has  since  been  corrected  in  the  HEC  library  version  of  the  model  and  did 
not  affect  ammonia  and  nitrite  simulation. 

Despite  the  flexibility  of  the  WORRR  model  discretization  scheme, 
the  model  proved  difficult  to  annlv  to  the  Chattahoochee  River.  mvie 
crucial  limitation  involved  the  limit  of  10  inflows,  withdrawals,  and 
nonnoint  sources. 


PART  VI  : 


MOP EL  APPLICATIONS  WITH  WILLAMETTE  RIVER  DATA 


s 

fl 


Model  Preparation 


Appl ication 

The  Willamette  River  data  contained  in  McKenzie  and  others  (1979) 
were  transformed  to  fit  the  requirements  of  the  Streeter-Phelps,  QUAL  II, 
and  WQRRS  models.  The  calibration  and  verification  procedure  was  similar 
to  that  used  to  simulate  water  aualitv  in  the  Chattahoochee  River.  The 
Auqust  1974  data  were  used  for  the  calibration  of  the  three  models.  The 
Streeter-Phelps  and  QUAL  II  nodels  were  verified  with  the  July-August 
1973  data. 

The  Streeter-Phelps  model  was  used  to  simulate  ROD,  nitrogenous 
BOO,  and  DO.  The  QUAL  II  and  WQRRS  models  were  used  to  simulate  BOD, 
ammonia  nitrogen,  nitrite  nitrogen  (not  printed),  nitrate  nitrogen,  and 
DO.  Temperature  was  simulated  with  the  WQRRS  model.  Results  from  the 
Velz  method  used  by  McKenzie  and  others  (1979)  to  describe  BOD  and  DO 
were  available  for  comparison. 

Stream  discretization  and  hydraulics 

Unlike  the  Chattahoochee  River,  distinct  changes  in  physical, 
chemical,  and  biological  conditions  occur  in  the  Willamette  River. 
Therefore,  reaches  were  based  on  these  changes  and  tributaries  enterinq 
the  river.  River  conditions  changed  between  the  Upstream  Reach  and 
Newberg  Pool  and  between  the  Newberg  Pool  and  the  Tidal  Reach.  A  benthic 
DO  demand  occurred  downstream  of  RK  23.3  ( RM  14.5)  in  the  Tidal  Reach. 
Tributaries  included  four  papermill  effluents,  ten  municipal  effluents, 
the  headwater  inflow  at  the  beginning  of  the  reach,  four  tributary 
rivers,  and  two  tributary  creeks. 

For  the  Streeter-Phelps  model  discretization  scheme,  the  Willamette 
1- iver  was  divided  into  23  reaches  and  the  computational  element  length 
was  chosen  as  3.2  kilometers  (2  miles).  The  upstream  ends  of  the  23 
reaches  were  chosen  to  coincide  with  the  headwaters,  the  20  tributaries, 
the  beginning  of  the  Newberq  Pool  reach,  the  beginning  of  the  Tidal  Reach 
at  Willamette  Falls,  and  a  break  point  in  the  Tidal  Reach  where  benthic 
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no  demand  heqins.  Nineteen  reaches  were  defined  usina  the  70  tributaries. 
Johnson  "rePv  and  the  Milwaukie  municipal  RTF  effluent  enter  at  the  same 
point  on  opposite  sides  of  the  river  and  were  combined  into  a  sinqle 
i n  f 1 ow . 

nor  the  n,'A!,  XT  model,  the  stream  was  divided  into  5  reaches  which 
included  the  Unstream  Reach,  Newherq  °ool,  and  3  reaches  in  the  Tidal 
Reach.  Tn  the  Tidal  Reach,  one  seoment  included  a  short  reach,  one 
element  in  lennth,  downstream  of  Willamette  Falls  in  which  the  reaeration 
coefficient  was  increased  in  an  abortive  attempt  to  mimic  the  reaeration 
of  n.36  milliarams  per  liter  of  no  due  to  the  falls.  The  remainder  of 
the  Tidal  Reach  was  divided  at  RK  33.3  ( RM  14. S)  so  that  benthic  demand 
could  he  specified  in  t.he  reach  RK  23.3  to  7.2  ( R.M  14.3  to  4.5). 

The  computational  element  lenqth  for  the  OUAL  II  model  was  chosen 
as  3.7  kilometers  (2  miles).  This  choice  matched  the  Streeter-Phelps 
model  element  lenqth  and  was  the  larqest  inteqer  number  that  would  fit 
t-'-'e  model  limitations  of  39  elements  ner  reach  and  10(1  elements  per 
studv  sequent. 

The  Willamette  River  proved  to  he  the  most  difficult  stream  to 
discretize  with  the  WORRS  model.  The  model  limitations  of  4 1  cross 
sections  and  in  inflows,  alonq  with  the  fact  that  Willamette  Ralls 
is  a  natural  control,  required  that  the  studv  seoment  he  modeled  hv 
five  separate  applications  of  the  model.  These  five  reaches  were 
RK  13^.3  to  105.6  (RM  R6.S  to  h5.SR),  RK  105.6  to  76.70  ( RM  65. 5R  to 

47.64),  RK  7b. 70  to  4'>.54  ( RM  47.64  to  2b. 42),  RK  42.34  to  22.41 
(RV  .->b. 4?  to  13.92),  and  RK  22.41  to  3.64  (pm  13.97  to  3.3).  For  these 
reaches,  the  computational  element  Tenq+.hs  were,  in  the  above  order, 

1.2,  1.4,  2.R,  0.K4,  and  1.01  Kilometers  (0.73,  0.90,  1.77,  0.52,  and 

0.63  mi les ) . 

Travel  times  fahen  from  Tahle  Q  were  specified  for  the  Rtreet.er- 
Rhelns  model,  and  it  was  assumed  that  travel  times  were  not  s iqn i f icant 1 v 
different  for  the  low  flows  of  July- Auoust  1073  flnd  Auoust  1974  for 
which  the  discharoes  at  the  head  of  the  studv  reach  were  16P  and  1R9 
cubic  meters  per  second  ( 6onn  6760  pubic  feet  pep  second), 

respect  i  no  1  \r .  ^he  OTIAT,  T  |  mn  do  1  wan  palihrated  T  simulate  the  same 
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where  the  small  exponent  0.05  was  chosen 


travel  times  usinq  u  =  aQ®*0^ 
so  that  the  velocity  variation  between  the  July-August  1973  application 
and  the  August  1974  application  would  be  minor.  The  coefficient  a  was 
calculated  for  each  reach  from  the  reach  length,  travel  time,  and 
discharge. 

The  WQRRS  model  was  calibrated  to  simulate  the  measured  travel 
times  using  the  steady-state  backwater  option  and  the  cross-sectional 
geometry  measured  during  flood  studies.  The  channel  roughness  coeffi¬ 
cients  derived  from  the  flood  studies  were  reduced  in  the  Upstream 
Reach  to  reproduce  measured  travel  times.  Travel  times  in  the  Newberg 
Pool  and  Tidal  Reach  were  controlled  by  river  stage  at  Willamette  Falls 
and  at  the  end  of  the  Tidal  Reach,  respectively. 

Water-quality  coefficients 

Water  temperatures  were  specified  as  input  data  in  the  Streeter- 
Phelps  and  QUAL  II  models  from  measurements  made  during  the  water-quality 
surveys.  Temperature  was  simulated  with  the  WQRRS  model  using  default 
wind-speed  coefficients  and  estimated  meteorological  conditions.  Despite 
indications  by  Smith  (1978),  temperature  could  not  be  specified  as 
initial  data  and  held  constant  in  the  WQRRS  model.  In  addition,  the 
option  to  simulate  temperature  by  the  equilibrium  temperature  method  was 
also  not  functioning.  These  errors  have  been  corrected  in  the  latest 
update. 

Reaeration  coefficients,  calculated  by  the  Velz  iterative  technique 
(Hines  and  others,  1977,  p.  129.  Note  that  values  in  Figure  16  of  the 
first  printing  should  be  reduced  by  a  factor  of  1/2.303  to  be  expressed 
as  base  10  per  day.)  were  specified  as  input  data  for  the  Streeter-Phelps , 
QUAL  II,  and  WQRRS  models.  For  the  Streeter-Phelps  model,  the  reaeration 
coefficient  was  increased  in  the  short  segment  just  below  Willamette 
Falls  to  introduce  0.35  milligrams  per  liter  of  DO.  For  the  QUAL  II 
model,  DO  in  the  Clackamas  River,  just  upstream  of  the  Willamette  Falls, 
was  increased  to  introduce  an  extra  0.35  milligrams  per  liter  of  DO. 

The  Velz  simulation  added  6078  kilograms  per  day  (13,400  pounds  per  day) 
of  DO  at  Willamette  Falls.  Reaeration  at  Willamette  Falls  was  not 
simulated  with  the  WQRRS  model. 


Peoxvqenat ion  rat-os  were  taken  frnn  McKenzie  and  others  M0-70), 
who  in  turn  rler i ved  these  rates  cron  Ron  bottle  decay  rates  and  verified 
*"he  rates  by  modeling  POP  in  the  river.  Those  rates  were  0.14  per  day 
for  the  Upstream  Peach  and  0.07  for  the  Mewberq  Pool  and  Tidal  Reach  at 
?0  deqrees  Oentiqrade  ( ftR  decrees  Fahrenheit).  Recause  the  modelina 
results  of  McKenzie  and  others  (1070)  indicated  that  a  benthos  source  of 
ROP  existed  in  the  Portland  Harbor,  a  source  rate  was  estimated  hv  trial 
and  error  durinq  calibration.  The  benthic  oxvqen  demand  associated  with 
bottom  sediments  in  the  Portland  Harbor  (lower  end  of  the  Tidal  Reach) 
was  estimated  to  be  1.2  grams  of  DO  per  square  meter  per  day  (0.11  grams 
of  DO  per  square  foot  per  day) . 

Nitrogenous  ROP  decay  rates  of  1 .ft  per  day  for  the  Unstream  Reach 
and  zero  per  dav  for  the  two  downstream  reaches  were  also  taken  from  the 
modelinq  results  of  McKenzie  and  others  (1970).  in  the  Upstream  Reach, 
the  ammonia  decay  rate  was  assumed  to  enual  the  nitroqenous  ROP  decay 
rate  of  1 .ft  per  dav.  The  nitrite  decav  rate  was  estimated  to  be  4. ft  per 
dav.  The  nitrate  untake  rate  was  assumed  to  be  zero  since  photosynthesis 
was  determined  to  he  insiqnif icant  (Hines  and  others,  1977,  n.  Tift). 

These  rates  were  assumed  to  be  zero  in  the  Newberg  Pool  and  Tidal  Reach. 
Missing  and  inconsistent  data 

Several  difficulties  were  encountered  in  applvinq  these  models  to 
the  Millamette  River  data.  first,  nitroqen  data  were  reported  as 
nitroqenous  ROD.  The  Streeter-Phelps  model  has  a  nitroqenous  ROP  ontion 
to  simulate  nitroqenous  ROP  decay  as  a  first-order  process,  but  the  OPAL 
TT  and  V’Firrs  models  simulate  ammonia,  nitrite,  and  nitrate.  Therefore, 
nitroqenous  ROD  was  converted  to  ammonia  using  the  Factor  4.S7  milligrams 
nitroqenous  ROP  oer  mill iqram  of  ammonia  and  assuming  that  nitroqenous 
ROP  was  inn  percent  ammonia  (McKenzie  and  others,  1070). 

Second,  nitroqen  data  were  not  collected  durinq  the  Julv-Auqust. 

1077  study  so  that  nitrogenous  ROP,  ammonia,  nitrite,  and  nitrate 
predictions  could  not  be  directly  verified.  T>,e  po  predictions  for 
Julv-Auqust  1077  served  as  indirect  confirmation  criteria  for  nitroqenous 
Ron,  ammonia,  and  nitrate  predictions. 
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Third,  the  July-August  1q73  BOD  tests  did  not  include  a  nitrification 
inhibitor.  These  data  were  adjusted  by  McKenzie  and  others  (1979)  using 
the  August  1974  BOD  tests,  which  were  run  with  a  nitrification  inhibitor. 

Model  Results 


Calibration 

The  Streeter-Phelps ,  QUAL  II,  and  WQRRS  models  were  calibrated 
to  predict  carbonaceous  BOD;  nitrogenous  BOD  or  ammonia,  nitrite,  and 
nitrate;  and  DO  for  the  August  1974  data.  Temperature  was  simulated 
using  the  WQRRS  model. 

The  measured  travel  time  specified  in  the  Streeter-Phelps  model 
was  263.3  hours.  The  QUAL  II  model  simulated  a  travel  time  of  270.7 
hours.  The  WQRRS  model  simulated  a  travel  time  of  263.1  hours. 

Figure  28  shows  that  the  WQRRS  model  temperature  predictions  were 
equivalent  to  the  measurements  specified  in  the  Streeter-Phelps  and 
QUAL  II  models.  Default  wind-speed  coefficients  and  estimated  meteoro¬ 
logical  data  were  used  for  this  simulation,  indicating  the  WQRRS  model 
is  capable  of  making  future  stream-temperature  predictions  for  rivers  of 
this  type  when  calibration  and  verification  are  impossible.  Heat  loads 
and  the  effects  of  upstream  reservoirs  were  insignificant  in  this  reach. 

Figure  29  shows  the  calibration  for  BOD  predictions  using  the 
August  1974  data.  The  Streeter-Phelps,  QUAL  II,  WQRRS,  and  Velz  models 
gave  the  same  predictions  for  the  Upstream  Reach,  where  the  temperature 
was  20  degrees  Centigrade  (68  degrees  Fahrenheit).  In  the  Newberg  Pool 
and  the  Tidal  Reach,  where  water  temperature  was  as  high  as  23  degrees 
Centigrade  (73  degrees  Fahrenheit),  the  WQRRS  model  simulated  lower  BOD 
removal  compared  to  the  Streeter-Phelps,  QUAL  II,  and  Velz  models. 

The  Streeter-Phelps  and  QUAL  II  models  were  applied  such  that  the 
addition  of  BOD  to  the  water  in  the  Tidal  Reach  was  simulated.  This 
addition  of  BOD  was  simulated  with  the  Streeter-Phelps  model  as  the 
difference  of  two  first-order  reactions  (0.07  per  day  and  0.01  per  day 
at  20  degrees  Centigrade  or  68  degrees  Fahrenheit).  The  addition  of  BOD 
was  simulated  with  the  QUAL  II  model  by  specifying  a  negative  ROD 
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sedimentation  rate.  However,  since  the  OTtai,  TT  model  does  not  anply  a 
temperature  correction  to  the  BOD  sett  linn  rate,  the  rate  of  -0.116  per 
dav  at  70  decrees  Centiarade  ( 6R  decrees  Fahrenheit)  indicated  from  the 
Streeter-Phel ps  model  simulation  was  adiusted  to  -0.07  per  dav  at 
73  decrees  oenticrade  (73  decrees  Fahrenheit)  for  the  ODAL  IX  model 
simulation.  mhis  cave  equivalent  results  for  bod  over  the  entire  studv 
reach  for  the  Streeter-Phelps  and  QTTAI.  II  models. 

The  smaller  BOD  predictions  of  the  WORRS  and  Velz  models  in  the 
Tidal  Reach  result  because  a  benthos  source  was  not  simulated.  A  benthos 
source  of  ROD  is  not  explicitly  included  in  the  WQRRB  model.  McKenzie 
and  others  (1079)  neqlected  this  source  in  modelinq  the  Willamette  River 
with  the  Velz  rational  method. 

The  addition  of  ROD  was  simulated  as  a  first-order  process  because 
neither  the  Streeter-Phelps  or  QUAD  II  models  allow  a  constant  benthos 
source  of  bod.  The  DUAL  II  model  had  a  coefficient  that  was  labeled 
"benthos  source  rate  for  BOD."  However,  that  coefficient  was  actually 
the  benthic  or  sediment  oxvqen  demand  rate.  It  does  not  affect  ROD 
predictions . 

In  summary,  the  Velz  simulation  of  McKenzie  and  others  (1979)  indi¬ 
cated  a  need  for  a  distributed  benthos  source  of  ROD.  This  distributed 
benthic  source  of  BOD  was  simulated  with  the  Streeter-Phelps  and  OPAL  II 
models  as  a  first-order  process  by  soecifvinq  a  neqative  ROD  sedimentation 
rate  despite  the  fact  that  distributed  benthic  sources  of  ROD  are  usually 
assumed  to  release  ROD  at  a  constant  rate  (zero-order  process).  These 
data  lacked  the  detail  and  precision  necessary  to  determine  the  importance 
of  this  deviation  from  standard  practice.  In  addition,  caution  should  be 
used  when  simulating  ROD  sedimentation  or  release.  Temperature  effects 
on  particle  settlinq  or  ROD  release  would  have  to  be  considered  separately 
when  these  effects  are  important. 

Finally,  when  the  WORRS  model  simulation  for  the  Upstream  Reach  at 
30  degrees  Centiqrade  ( fiR  deqrees  Fahrenheit)  was  compared  to  the  other 
simulations,  it  showed  no  difference  in  ROD  decay.  This  indicated  the 
apparent  differences  in  decay  between  the  WQRRR  model  and  the  Streeter- 
Rhelps,  opal  TT,  anH  vpl z  models  in  fte  vewherc  Pool  and  Tidal  Reach  of 
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arid  nrint?:  the  factor  7  (T-77)  for  various  temperatures  rp.  However,  these 
results  indicate  a  different  techniaue  roossiblv  a  recent  undate  not  men¬ 
tioned  in  Smith  (  1  7 <=1  >  i  mav  he  used  to  correct  ierav  rates  fnr  tenne^ature. 

tioure  in  shows  results  of  the  nitroqenous  son  calibration  fnr  t^e 
St reeter-Hhe l.ps  model  usinq  the  Aucrust  1  R74  data.  '"he  few  data  available 
in  the  Onstream  Peach  (  rk  13R-S4.S,  RM  Rb  .  S-S2.c')  indicated  that  a  decav 
rate  of  1  .b  ner  dav  was  annronriate.  Hines  and  others  (1Q77,  nn.  T2S-T?f) 
measured  concentrations  of  nitrosomonas  and  nitrohactor  bacteria  in 
river  water  and  on  rock  slimes  and  used  this  information  in  conrludinn 
that  nitrification  was  insiemif icant  in  the  Newberq  Dool  and  miaal  Peach. 

siqure  31  illustrates  the  ammonia  calibration  for  the  OHAL  II  and 
wORRS  models  usinq  the  Auaust  1q74  data.  hike  the  nitroqenous  ROD  data, 
few  calibration  data  were  available  describinq  ammonia.  Between  RK  13Q 
to  RK  R4.S  ( RM  7b  to  RR.R),  the  WORRS  model  appeared  to  nredict  slower 
ammonia  decav  compared  to  the  OUAL  II  model  prediction  for  equivalent 
loads  of  ammonia  and  specified  ammonia  decav  rates.  Because  of  the  wav 
the  river  was  discretized,  the  WORRS  model  application  includes  the 
simulation  of  ammonia  decav  het.ween  RK  R4.S  to  RK  7b. 7  (  rm  BR.S  to  47. b4) 
that  was  not  included  in  the  oriAh  IT  model  application.  For  a  correct 
comparison,  O.nR  milligrams  per  liter  of  ammonia  should  be  added  to  ftp 
woprs  model  predictions  between  RK  7b. 7  to  RK  b.4  ( rm  7b. 7  to  4)  to 
compensate  for  this  difference. 

Neither  fhp  worrs  or  ouat,  TT  models  report  nitrite  in  a  final 
summarv.  However,  the  reoorfed  nitrate  predictions  from  the  on at,  tt 
and  worrs  models  are  illustrated  in  Piqure  7?  for  fhe  calibration  using 
the  Auqusf  1°7d  data.  Thp  on  at,  TT  model  predictions  •were  fair  in 
mat <-h i no  fhp  few  nitrate  calibration  data.  The  calibration  indicates 
that  some  nitrate  loads  were  not  measured.  However,  ten  in-st ream 
measurements  were  not  sufficient  for  estimation  nitrate  loads.  Anai", 
as  in  the  opgf t ahoortee  River  comparison,  tup  vorrr  motel  M  l  net 
a  deguat  ei  predict  nitrate. 


142 


-• 


3' 


2< 


tj 


ffl 


30 


40 


RIVER  MILES 

— -r - r 

SO  60 


t 

40 


“I - 1 

20  'i 


RIVER  KILOMETERS 

)F  THE  MOUTH  OF  THE  WILLAMETTE  RIVER 


predicted  nitrogenous  biochemical  oxygen 
id,  Willamette  River 


1 4  < 


1.0 


RIVER  KILOMETERS 

DISTANCE  UPSTREAM  OF  THE  MOUTH  OF  THE  WILLAMETTE  RIVER 


4 


jn  ft-e  ^  i  n<i  1  cal  ihration  step,  no  prpi-li  nt  ions  worn  compared  wit-1 
tp.isii  rtw  nts  fron  Anmist-  1074  as  i  1  1  list  rate  i  in  si  cure  47.  'rn  e  ft  roof  er- 
i’v'i'ipc,  on  at,  TT,  wppuc ,  and  Vel  7.  models  nave  apprnxinafpiv  to,-,  sanp 
nrp  h  '"*■  ions  for  t-hp  ”nst-rpa"i  Peach  where  the  '-rater  temperature  vas  near 
nn  decrees  nppf  iara  tp  (  frp  Pearces  Pav' rontp i  t  )  .  mhp  ct  vopt  or— P^p  1  ns  , 

On  At,  TT,  an  i  '’p1  7  no  Tel  s  aave  aonroximaTolv  t>’p  sane  ore  d  i  ct  i  one  over 
the  entire  read-. 

The  !  oss  a’enuate  agreement  hetween  the  h’ORRS  model  predict  ions 
and  measurements  of  no  in  tne  N’pwtera  Dool  and  Tidal  Reach  ;ult., 
hecause  Sprit**  ic  oxvnen  demand  was  not  explicitly  included  in  the  model  , 
the  stream  was  not  orooerlv  discretized,  and  roaeration  at  Willamette 
'■nails  was  nealeptpd.  In  addition,  POP  and  ammonia  seemed  to  decav  at  a 
slower  rate  compared  to  the  other  models  for  enuivalent  waste  loads, 
stream  temperature ,  and  specified  decav  rates.  Pince  auest ions  remain 
roncerninn  the  00  sinks  of  pod  and  ammonia  decav,  improvement  of  stream 
discretization,  the  implicit  simulation  of  a  henfhio  demand  as  or  cranio 
sediment  decav,  and  t.hp  simulation  of  reaeration  at  Willamette  '-'alls 
were  deferred. 


Verification 


Verification  data  collected  in  Julv  and  Auaust  were  limited  to 

mean  values  of  POP  and  maximum,  minimum,  and  averaae  no,  ctreeter- 

Phelps  and  opal  tj  model  simulations  for  the  Julv-Auaust  1°7T  verifi¬ 
cation  data  were  plotted  with  calibration  simulations  in  '•'inures  "  ">  to 
44.  Vitroaenous  non ,  ammonia,  and  nitrate  predictions  were  n*  ot«-p.» 
despite  the  lack  of  Hafa  for  comparison  fo  show  that  the  ran  je  of  ''re¬ 
lictions  were  within  tl'e  ranae  application  established  hv  calibration. 

the  pop  -Tata  used  for  verification  indicated  tha*-  fuo  pt rooter- 
nhelps  and  on  AT.  If  models  tended  to  ovorpred  i  ct  mean  POP  in  fl-e  Tidal 
Peach  Ky  approximate!-/  n.r  mi  1  1  i  crams  per  1  iter.  T’le  no  data  used  ror 
ver  i  r  i  cat  i  on  indicate-!  t'-at  ooat.  TT  model  an  predict  no  to  +  n.s 


m  i  1  1  i  1 1  rams  per  liter  an  •’  the 


^—Phelps  model  t  o  +  n  . S  m i  1  1  i  a  name 


per  1  iter  o  f  nn .  i-t  i  1  e  con r  i  rma  t  i  on  was  not  oossihlo,  those  result's  for 
no  i  p*1  i  cat  ed  t'-at  the  n  i  *  po'-tenons  pon.  ammonia,  and  nitrate  nreli'-tions 
v/ere  adeem!  0  . 
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Figure  33.  Observed  and  predicted  dissolved  oxygen, 

Willamette  River 
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''rp.i  r  1  son 

T*'  i  s  la  rue  river  w  i  t*  ?R  t-riNifariPS  nrovP'i  d  i  f  F  icul  t  ♦•o  discretize 
usinu  rhe  '■jr'oeq  model  .  "’*'*»  crucial  limitations  were  10  inflows,  47  points 

a*-  i  't>  r-rnss-spri-  ion  coor  dinates  were  sneci  fip.i,  and  wat er-aua  1  itv 
rnpff  i  eients  could  no*-  be  modified  fnr  different  reaches.  mhe  capabilit.v 
fn  store  and  access  results  on  maanet ic  tape  made  simulation  of  five 
separate  sediments  easier  but  data  eodina  and  calibration  in  five  model 
applications  prove  rime  -omumina  and  tedious. 

mhe  ci[Tr,'  jt  model  proved  *-o  Rave  the  most  flexihle  discretization 
scheme.  n i scret i zat i on  errors  prove.’  to  he  minor  and  the  stream  was 
modeled  with  five  reaches  in  a  sinqle  application  of  the  model.  The 
Ptreeter-Phelns  model  simulated  the  stream  with  a  sinqle  application  hut. 
required  qreater  effort  to  code  data  for  73  reaches. 

Minor  errors  were  noted  with  the  direct  temperature  specification 
option  and  equilibrium  temperature  options  of  the  WORRS  model.  However, 
the  heat  balance  option  seems  to  be  quite  accurate. 

In  summarv,  neither  the  Streeter-Phelps,  DUAL  II,  or  WpRRR  models 
will  simulate  a  constant  benthic  source  of  ROD.  The  Streeter-Phelps  and 
OHAI,  II  models  do  not  simulate  reaeration  due  to  a  lock  and  dam,  fish 
ladder,  or  waterfall.  finally,  these  results  indicate  that  an  apparent 
difference  in  decay  of  ROD  and  ammonia  between  the  WORRS  model  and  the 
other  models  may  be  due  to  temperature  corrections  of  the  decay  rates  in 
addition  to  the  differences  due  to  dispersion  calculations. 
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PART  VII:  MODEL  APPLICATIONS  WITH  ARKANSAS  RIVER  DATA 


Model  Preparation 


Appl ication 

The  Arkansas  River  data  were  transformed  to  fit  requirements  of 
the  Streeter-Phelps ,  QUAL  II,  and  WQRRS  models.  The  September  1979  data 
were  used  for  model  calibration  and  the  April  1976  data  served  to  verify 
the  results  from  the  steady-state  models.  Organic  nitrogen,  ammonia, 
nitrite,  nitrate,  DO,  and  BOD  were  modeled.  Temperature  was  simulated 
using  the  WQRRS  model.  The  QUAL  II  model  did  not  include  organic 
nitrogen.  In  addition,  the  dynamic  simulation  option  of  the  QUAL  II 
model  was  tested  by  predicting  diurnal  variations  of  temperature,  DO, 
BOD,  and  nutrients  for  the  September  1979  data. 

Cain,  Baldridge,  and  Edelmann  (1980)  had  converted  the  original 
data  to  fit  the  format  of  the  Streeter-Phelps  model.  The  data  were 
further  transformed  to  fit  the  formats  of  the  QUAL  II  and  WQRRS  models. 
To  avoid  some  bias  in  favor  of  Streeter-Phelps  model,  the  September  1979 
data  were  used  to  check  the  calibration  and  the  April  1976  data  were 
used  for  verification.  This  was  the  reverse  of  the  procedure  used  by 
Cain,  Raldridqe,  and  Edelmann  (1980). 

Stream  discretization  and  hydraulics 

The  Arkansas  River  data  proved  to  be  a  strict  test  for  the 
discretization  schemes  of  the  three  models.  The  68-kilometer  (42-mile) 
reach  has  numerous  inflows,  some  of  which  entered  the  river  near  another 
inflow,  making  it  difficult  to  discretize  the  stream  so  that  the  indi¬ 
vidual  effects  of  each  inflow  were  retained.  In  addition,  cross-section 
properties  were  measured  at  61  sites  and  21  inflows  exceeded  the  limita¬ 
tions  of  the  WQRRS  model,  which  made  three  separate  applications 
necessary . 

In  applying  the  Streeter-Phelps  model,  Cain,  Baldridge,  and 
Edelmann  (1980)  defined  27  reaches  for  the  September  1979  calibration 
data  and  2S  for  the  April  1976  verification  data.  The  September  1979 
data  described  4  withdrawals  and  IS  tributary  inflows.  The  April  1976 


lata  described  5  withdrawals  and  15  tributaries.  Seven  extra  redc'ics 
were  defined  for  the  September  1979  application  and  4  for  the  April  197<", 
application  in  a  test  of  management  alternatives  bv  Pain,  Baldridge,  and 
Fidel nann  ( 1980 ) . 

Reaches  for  the  OUAI,  II  model  annl ication  were  defined,  first,  to 
meet  the  limitations  of  the  model  and,  second,  to  correspond  to  reaches 
used  by  trie  Streeter-Phelps  model  so  that  results  would  be  comparable. 
Based  on  these  two  criteria,  25  reaches  were  defined  for  the  April  197b 
and  September  1979  data.  This  included  combininq  four  reaches  defined 
for  the  Streeter-Phelps  model  into  two  reaches  for  the  QUAL  II  model  and 
subdividing  two  other  reaches  into  four.  Inflows  from  two  drains  were 
combined  into  a  single  inflow  near  RK  60  ( RM  37),  and  the  Salt  Creek 
inflow  and  the  Pueblo  STP  effluent  near  RK  52  (RM  32)  were  combined. 

Two  long  reaches  at  the  end  of  the  study  segment  were  subdivided  into 
four  reaches  to  fit  the  QUAL  II  model  requirements  of  20  elements  per 
reach.  As  a  result,  some  reach  endpoints  and  inflows  were  shifted  by  as 
much  as  0.3  kilometers  (0.2  miles)  to  conform  to  the  QUAL  II  model 
discretization  limitation  of  a  constant  element  length. 

The  discretization  scheme  for  the  WQRRS  model  adequately  described 
the  stream  without  serious  discretization  error  but  required  greater 
data  coding  effort  to  achieve  this.  Whereas,  the  68-kilometer  (42-mile) 
reach  could  be  modeled  with  one  application  of  the  Streeter-Phelps  and 
QUAL  II  models,  three  applications  were  required  to  simulate  the  river 
with  the  WQRRS  model.  This  was  necessary  because  tributaries  and  with¬ 
drawals  exceeded  the  limit  of  ten  and  cross-sectional  properties  were 
measured  at  more  than  41  sites.  Based  on  this,  a  reach  from  RK  67.6  to 
55.9  (pm  42  to  34.7)  was  defined  for  the  10  inflows  and  withdrawals 
farthest  upstream  in  the  study  segment.  The  downstream  seqment  was 
divided  at  PK  19.3  ( rm  12)  so  that  41  points,  havinq  measured  cross- 
sectional  properties,  were  contained  in  the  downstream  reach. 

Overall,  the  QtiaL  H  model  required  greater  data-coding  effort  to 
match  stream  geometry  than  did  the  Streeter-Phelps  model,  which  was 
relatively  easy  to  apply.  The  WQRRS  model  required  the  greatest  effort 
to  simulate  stream  geometry. 
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fom  put  at  ion  a  1  element  lpnnt'-s  chospn  fnr  t^p  St reet er-Phe 1  ns , 

ODAL  IT,  ami  ’-’riRPS  nodp  1  s  were  not  wol  1  matched  for  this  annl  i  oat-  i  on . 

The  smallest  lenath  acceptable  fp r  ODAT,  11  model  was  approximate!  v 

n.4n  kilometer  (0.21  mile).  Pain,  Raldridqe,  and  Kdelmann  (lORD)  used 
an  interval  of  D.2  kilometer  (n.1  mile)  for  the  Streeter-Phel ns  model. 

"o  fit  stream  aeomptrv,  the  worps  model  needed  interval  lenqths  o'7  1  .  7 , 
1.1,  and  1.1  kilometers  (f.7!,  f>.7r',  n.f.°  miles)  for  reaches  pv  P7.P  to 
SS.o,  ss.D  to  1 Q .  3  ,  and  in. 3  tn  n  (pm  4?.n  to  34. 7,  34. 7  to  1  7  .  n  ,  and 
12. 0  to  0)  measured  unstream  of  t^e  "enesta,  Colorado,  stream  aane. 

Travel  time  in  the  stream  was  matched  as  close  as  nossihle  in  all 
three  model  simulations  for  comnarison  of  results.  Ror  t'’e  Ptreeter- 
Phelns  model,  travel  times  (Pain,  naldridae,  and  Kdelmann,  1aQn)  were 
snecified  as  innut  data  from  dve  measurements.  por  the  P>r,AI.  TT  model, 
the  coefficients  a  and  h  of  u  =  ap'~l  were  calculated  for  each  reach  from 
the  Anri!  1°7f  and  Sentemher  1Q7P  da*-  .  'phis  crave  two  nairs  of  velocitv 
u  and  discharqe  0  ( one  for  Sentemher  T'7n  and  )ne  for  Anril  1Q7fi)  to 
calculate  the  two  coefficients  in  each  reach. 

It  was  more  difficult  to  model  travel  time  with  the  wpRRS  model 
hpcanse  cross-section  data  were  incomnlete.  The  steadv-state  hack-water 
routine  ontion  is  normallv  calibrated  with  water-surfac0  profiles,  which 
were  missincr  in  this  case.  Therefore,  the  Manni na  coefficient  at  each 
cross  sect-ion  was  varied  until  nredicted  travel  time  matched  measured 
travel  time. 

water-gualitv  coefficients 

Temperature  was  simulated  with  the  woppr  model  hv  estimation 
meteoroloqical  conditions.  Default  wind-sneed  coefficients  were  used. 

Reaeration  coefficients  were  snecified  directly  for  all  three 
models.  whese  coefficients  were  ta^en  from  Pain,  Raldridqe,  and  Kdelmann 
(  1nPD  )  ,  who  derived  their  reach  hv  reach  values  from  direct  measurements 
usina  hydrocarbon  qas  tracers. 

oecav  rates  for  w,  organic  nitroqen,  ammonia,  nitrite,  and 
nifrate  we^e  estimated  from  Pain,  Paldridqe,  and  Rdelmann  (  1PR0 ) .  They 
assumed  that  ntof osvnf hes i s  and  nutrient  cvclinn  did  not  affect  averaqe 
daily  concentrations  of  nn.  t^psp  rates  were  deduced  hv  a  trial— and- 
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Missing  and  inconsistent  lata 

Several  types  of  data  were  either  missing  or  inrons  stent.  First, 
5-dav  BOD  (with  nitr if icat ion  inhibited)  was  measured  rather  than  ultimate 
BOD.  Ultimate  BOD  is  required  hy  the  Streeter-Phelps  and  QUAL  II  models 
for  proper  simulation  of  DO  (the  QUAL  II  model  has  a  5-day  BOD  option, 
but  it  incorrectly  converts  BOD  decay  to  oxyqen  demand  unless  the  nop 
decay  rate  is  0.23  per  day).  Five-day  BOD  is  required  by  the  WQRRS 
model.  The  conversion  factor  relating  5-day  BOD  to  ultimate  ROD  was  not 
available  because  ultimate  BOD  was  not  measured.  However,  preliminary 
modelinq  results  indicated  the  in-stream  deoxygenation  rate  was  1.5  per 
day  (base  e,  20  degrees  Centigrade  or  68  degrees  Fahrenheit).  Therefore, 
at  such  a  high  decay  rate,  5-day  BOD  was  a  very  good  approximation  of 
ultimate  BOD  ( BOD_  =  BOD  jl  -  e-(1*5>5}  =  BOD  ( 0.999}).  This  also 
set  up  a  good  comparison  between  BOD  predictions  made  by  the  WQRRS  model 
and  the  other  models. 

Second,  BOD,  organic  nitrogen,  ammonia,  nitrite,  and  nitrate  were 
sampled  as  total  constituents  in  the  water  column.  Particulate  matter, 
which  may  include  bacteria  and  phytoplankton ,  tends  to  interfere  with 
sample  preservation  of  ammonia,  nitrite,  and  nitrate.  Since  phyto¬ 
plankton  may  be  present,  the  analysis  for  total  organic  nitrogen  will 
include  nitrogen  bound  in  active  biomass  that  is  not  immediately  available 
for  decay  to  ammonia.  In  addition,  the  BOD  samples  will  include  the 
effects  of  phytoplankton  respiration  and  detritus  decay.  The  effect  of 
this  sampling  technique  could  not  be  accurately  determined.  Although 
K-jeldahl  nitrogen  (organic  nitrogen  plus  ammonia)  was  smaller  than  ammonia 
in  a  few  cases,  sample  processing  times  of  24  to  48  hours  should  have 
minimized  sample  preservation  problems.  Effects  of  phytoplankton  on 
organic  nitrogen  and  BOD  depend  on  phytoplankton  concentrations. 

Third,  cross-sectional  measurements  were  referred  to  the 
September  17-21,  1979  water  surface  rather  than  a  common  vertical  datum 
such  as  mean  sea  level.  Therefore,  the  elevation  of  the  river  channel 
was  estimated  from  topographic  maps  and  it  was  assume')  that  the 
September  17-21,  1979  water-surface  elevation  was  at  the  cross-sectional 
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averaqe  depth  aMvp  tbp  pqt  ima*’?''1  p^annp!  hot- tom.  This  nave  adequate 
estimates  nf  the  vertiral  relationship  between  cross  sections  because 
the  study  reach  has  a  steen  slope  that,  prevented  sinnificant  backwater 
effects. 

Finally,  qrab  samples  taken  on  the  Arkansas  Piver  at  PK  5°. 9  and 
63.9  ( RM  37. 0  and  33. 6)  were  not  representative  of  the  cross-sectional 
averaqe  concentration.  A  mass  balance  usinq  specific  conductivity  as 
a  measure  of  dissolved  solids  showed  that  these  samples  were  taken  from 
plumes  oriqinatinq  from  upstream  drains  and  that  the  inflows  were  not 
well  mixed  at  these  cross  sections.  These  questionable  data  were  labeled 
as  such  in  the  followinq  results  section. 


Model  Results 


Calibration 

Calibration  results  from  the  three  models  were  obtained  in  the 
followinq  way.  The  Streeter-Phelps,  QtTAIi  II,  and  WORRS  models,  in  that 
order,  were  calibrated  usinq  the  September  1979  data.  Travel  time  was 
specified  as  input  data  for  the  Streeter-Phelps  model,  and  was  simulated 
usinq  the  OTtal  II  and  WQRRS  models.  Temperature  was  specified  for  the 
Streeter-Phelps  and  OPAL  II  models  and  simulated  usinq  the  WORRS  model. 
Followinq  that,  the  models  were  calibrated  to  predict  ROD.  Then,  organic 
nitroqen  was  simulated  usinq  the  Streeter-Phelps  model.  Finally,  all 
three  models  were  calibrated  to  predict  ammonia,  nitrite,  nitrate,  and 
no. 

In  applyinq  the  Streeter-Phelps  model,  travel  times  of  4S  and  43 
hours  were  specified  for  September  197P  and  April  1976,  respectively. 

The  pi T AL  II  model  simulated  travel  times  of  46  and  41  hours  for  September 
1979  and  April  1976,  respectively.  The  WORRS  model  simulated  a  travel 
time  of  47  hours  for  the  September  1979  data. 

Mean  temperatures,  derived  from  the  observations  shown  in  Fiqure 
34,  were  specified  for  the  Streeter-Phelps  and  OTTAI.  IT  models.  metnner- 
ature  was  simulated  with  the  WORRS  model  as  shown  in  Fimire  34  because 
the  option  to  specify  temperature  as  input  data  was  not  function!  no  at 
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i  ~*e  pf  *■ ’ri  i  S  s  1 1  1  v  .  !*ase  1  if!  do  f  ault  w  i  n  1—  Spool  rop  f  f  i  ."•  i  e  n  *-  e  uo  1 
pst  i p at e  1  np*-poro  1  oai 'M I  data,  thp  r«*o*?T?q  mode!  was  capable  n f  nred  i  c«-  i  nn 
m^an  r^.-i"1  ¥  empe rat  u res  to  w i  t  h  i  ^  3  ^parpos  rpnt*  icrade  '  ^  Hoarpp4?  l'a''  p' 
r*  i  *"  1  o f  t  h e  ^p,m  o c  nbsprvat  i  o ns. 

'■'  i  cure  3r  compare!  son  predictions  f  ron  tv-*e  St reefer— F^pi  os , 

OT'A.T.  T  T  ,  -\n  1  '<!np|'?  "iniVl  c  to  +*ur*  rp’^pnhpr  1Q”7Q  calibration  data.  ^’iprp 
results  were  base1  on  a  dpoxvoenat i on  rate  l.s  ner  lav.  TV'p  results 

tu,->  qf  r  ppf  e  r-^tp  1  ns  an^  ^tal  IT  node!  s  were  essentia1  l  v  t’^e  same 
wit1,  t  b  e  except  i  on  of  one  short  sequent  between  tte  ^ueblo  smn  efrluent 
f  pv  sn.4  or  ?**  7  1.3)  and  Salt  ^reeV  f  t?v  so  #  7  or  11.?).  Hero  the 
St  reet  er-^>be  1  ns  model  predicted  a  neat  concent  rat  ion.  of  1?.°  ^illiarams 
ner  liter,  whereas  thp  ottat.  Tt  node!  predicted  a  nea^  concent  rat  i  on  op 
b.4  milliqrams  ner  liter,  Krause  the  O^AI,  TT  model  treated  the  sewaqe 
pffbipnt  and  Salt  cr0p v  as  a  sinqle  inflow  dilutina  the  effects  of  the 
Pueblo  S^n  effluent  before  i t  reached  the  river. 

'"ho  WQT\PC  model  predicted  a  neak  son  concentration  of  12.3  milli- 
arams  ner  liter  and  shifted  that,  peak  unstream  of  the  wastewater 
treatment  plant  outfall.  Tn  addition,  son  decav  occurred  at  a  slower 
rate  compared  to  t^p  other  two  models. 

The  deoxvaenat  ion  rate  of  1  .S  per  lav,  chosen  bv  f’ain,  saldridqe, 
an  1  Pde^mann  M^sn )  ,  was  hiqh  but  not  unreasonable .  ^ison  and  others 
(  107s ,  nn.  I"7!,  1?f',  and  17o-ipd)  showed  that  shallow,  steep  mountain 

streams  v  vn  i  ca  1  1  v  ucivo  deoxvaenat  ion  rates  or  f.1  tn  3.4  ner  dav,  base  e 
at  so  decrees  ’ent icrade  f -sp  decrees  Fahrenheit).  ad-Mtion,  Velz 

(  ic'7n/  o.  indicated  ♦>lMt  stream  deoxvaenat  i  0^  r-t'u  ^arv  ^rom  n  ,  4b 

to  n.3  ner  lav  fb^se  e)  or  more. 

T-' i  -jure  3b  shows  the  oa  1  i brat  ion  for  oceanic  nitrouen  usina  the 
c  f  r  opr  e  r  —  *^h  e  1  p  mo  ’•-‘1  with  a  1pr*av  rate  or  a  .  ^  pnr  lav  at  ?°  decrees 
Con*  i  crude  (  b>>  ierjroes  t'a u  *■ o  n  *'  e  i  *■  )  d’ORPn  b\»  ca  I  n  r  n  u  1  d  r  i  ice  ,  uni 
C'h‘1  1  n  j  r;rnu^4  i  cm  7uep t  j  o  measurements  at  nv  so  ,  o  and 

rd  .  °  (  pm  an  a  >  ml  ?3.r),  the  r:  *-  reef  er-f^pl  ns  model  tended  to  overnrelict 
or  qan  i  c  ni^rocen;  arid  from  pv  S  ?  .  3  to  °s.n  ( rvj  T  "> .  s  to  1  s  .  s  )  f  the  model 
predieto  1  u  s1icv't  decrease  in  organic  nj  troaen  concent  rat  i  on ,  w'hereas 
tho  du^a  indicated  an  increase  of  n , 4  millicrams  ner  liter. 
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Figure  35.  Observed  and  predicted  biochemical  oxygen  demand 

Arkansas  River 


ORGANIC  NITROGEN,  IN  MILLIGRAMS  PER  LITER 
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Figure  36.  Observed  and  predicted  organic  nitrogen, 
Arkansas  River 
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rTl1'  i  '  ?  j  is7.  mou*“  1  i  e  1  v  hio  *"  o  v  i  ^  '  \'nx  ■'  ■ 

vi'i  1  (1  r  i  ■  Uto ,  ,n  ^  p  Tp  1  "’an *•  M^om  <  -  Men*-*.’  tu.-,*-  ^-r.' 

-'to1  }  *-*  i  ♦“  »-^opp  (  or* •: i t-i  n  i  '**  n  i  **  r^non  pten  i^^or-  i  )  Jpf  i  i  on  n  wt1'1 

onon  to  niuisf  i  nH«  i\mconia  nifroaon  oxc^o.^o  i  ►' i o ]  lab1  ?iifrnnf>n  i  n  ^vr't1 
.  mqtp  1  i>  p  1  v ,  tv>p  *-ronn  or  incrP^f?inn  *■  o  ^  a !  oraani  ^  n  i  *-  roapn 
^rnn  c v  ri  #  1  t*. r>  ? ^  n  ( T?M  H?.S  ♦'o  1  s .  s )  ^av  ^avp  Von  Hup  to  a n  increase 
in  T^'vf»-'nlanVfon« 

nanel  on  t’^psp  renultn,  ♦■bp  capahil  itv  of  f^ip  S*- root" r-r— Pup  1  pn  1 

+-  o  predict  ^o^a]  nraanic  nitroaen  in  t-^is  riv^r  r>P'HPpf  wv  inp^4  ipnaMp. 

pur4" v>  p  r^onp  ,  tup  calibration  wan  i  nr>'if  f  i  oien4*  • 

An^n  ••  i  -i  cp a c^vo^pn *■  n  an-1  nnp'M  rf  i.nn<;  fnr  tbp  ^pp^pp'ipv  ^  o  *?  o  ^al  i  — 
brat  i  on  i  won*"'  -fcpafp  l  in  f inure  H”7  for  an  ammonia  Hprav  n-?f  p  of  °.s 
npr  at-  ■>°  ,p.,Trpp(?  r’Pr,»-  i  ana  ip  f  f°  ^onrpp?  T7ahrpnv'pit )  •  ro?.nl  tn 

*~bp  ra1  >  v-»*Tt-  ip*i  n1-'-'V“H  ‘-'at*  nrp'1  i  o4-  ionn  rrop  t-v>p  c;t-rpp*-pr-P^p1nc  nn-1 
orTAr  tt  mo  To  ]  n  ypfo  onni valent  Honoitp  tbp  t  r  a  n  .n  f  ormat  i  on  or  oroanic 
n  i  *■  nonron  *■<•,  anmon i i  n  ’  1  a t.p  ^  in  ♦*l-,p  St  ropt  pn-^^p  1  on  nrvio  1  .  T.-jVp  *-^p 

non  n  i cy  1  a4-  i  on  ,  q,^np  1  i n ore4-  i  zaf  i  on  H  i  ^  cer* ‘neon  occurred  N-^wppn  tbp 

nupbio  c/T’n  .^p.a  c^]f  rrt»pi',  nprav  a  1  no  oprunroH  a4*  a  n lower  rat-o  in  t^p 
'•'ppvc  coHp1  n  i  on  1  at  ion  •  TTnlike  the  ornanio  nifroqen  n  i  r*n 1  at  i  on  ,  there 
v:a<5  aoiv’  anrpp^ent-  between  tbp  nipaRureH  calibration  Hat  a  ror  ancon  i  a  anH 
a  1  1  t^^ee  co^el  nre-H  i  of  ions .  t^p  ^trppipr-^^olns  anH  0TTAb  TT  moHe] 
n  i  r*u;1  a  ^  i  onn  were  in  excellent  agreement  with  tbp  Hata.  ^be  T*Tm?os  coHel 
simulation  coul  H  be  improved  to  better  match  the  data  ift  ♦■he  decav  rate 
wan  increased. 

cte  cal  i  bran  i  on  for  ammonia  indicated  that  the  ^eronnon  i  *-  i  on  or 
or  nan  i  c  nif  r^apn  n  i  cn  1  a^o  h  hv  t.bp  St  reet  er—  Php  1  nn  nnlp]  ,  hu4-  not-  tbp 
or’ at,  t  I  nndol  ,  'M  1  not-  b a ve  a  larne  effect  on  ammonia  nre  Motions.  Tn 
*-  b  i  o,  -mo/  *-bo  Topfiv  r:ifo  for  oraanic  nitroaen  wan  mir'i  readier  t.'M'i  tbp 
vneon  i  a  ?nr*av  rato  ‘y(  ■■  per  lav  anH  -  T'  • r  of"**'  lav  at 

w>  iivjroiu  Con*-  :  i^a  b«  ,*■  c~,}  'purpp?  T'ah ron'i e i  t 1  •  Tbr.  Hp(-a\'  ■y>r  cpo-  i  a 
v,-)f  vi  v -j i  •  1  ♦-*-■.-?*-  u  1  o'*?*-1  r  br^v  of  orrnni  p  a  i  t-rnnon  'm1  1  i  f  1  p  orrr*t-f  . 

■f,‘  >  i  -  i  .  ■?  i  r* a  v  e ,  1  f  a  *-l'p  r  a  ’  1  u  c  o  f-  O  n a  1  i  b  y-  a  f-  o  t-  b  p  c  t  r  o t  e  r  ~  p  l'  °  1  o i;  ct  •»  |p  1 

*-  - ,  nrp-h  '"’t  cv.janic  ni**roaen  wan  of  lonneneH  imno^tanoe* 

r*’i  niirp  1°  illuntrafpo  renult-n  from  t-t->p  sf  root  er  — f'bp  1  on  an^  ortAT.  j 
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Figure  37.  Observed  and  predicted  ammonia  nitrogen, 

Arkansas  River 


models  fnr  the  nitrite  calibration  usinq  a  decay  rat  '  of  7.S  per  lav  at 
70  decrees  Centiqrade  (fP  dearees  Fahrenheit).  mhe  removal  of  ammonia 
hv  aquatic  plants  or  lesnrntion  of  ammonia  qas  was  simulated  with  t-be 
Streeter-n^elps  model  by  sneoirvinq  a  forward  reaction  rate  of  7.0  ner 
dav  at  70  decrees  Centiqrade  ( hR  deqrees  Fahrenheit)  compared  to  an 
ammonia  decav  rate  of  7.s  ner  dav.  mhis  difference  was  responsible  for 
the  lower  nitrite  predictions  trom  (-he  Streeter-Phelps  model  compared  to 
the  OPAL  TT  model  predictions  for  the  September  1Q7a  data. 

noth  models  tend  to  undernredict  nitrite.  However,  the  qreatest 
difference  between  the  mean  nitrite  observation  and  prediction  was  0.7 
milliqrams  per  liter  for  the  Streeter-Phelps  model  and  0.1S  milliqrams 
per  liter  for  the  OHM.  IT  model. 

Fiqure  39  shows  the  calibration  of  the  Streeter-Phelps,  OTTAL  TT, 
and  WORRS  models  to  predict  nitrate  usinq  the  September  1970  data. 

Since  the  chlorophyll  a  content  of  nhvtonlanVton  was  not  simulated  with 
the  OHM,  T I  model,  predicted  nitrate  built  up  in  the  stream.  The  '«7ORRS 
model  simulation,  aqain,  showed  that  the  alqorithm  that  transforms 
nitrite  to  nitrate  was  not  functioninq.  ’’’be  Streeter-Phelps  model 
simulation  matched  the  calibration  data.  However,  this  simulation  was 
hased  on  the  removal  of  ammonia  and  nitrate  hv  first-order  processes 
havinq  decav  rates  nf  O.s  per  dav  for  ammonia  removal  and  1.7  to  0.4  per 
dav  at  70  decrees  opn*- i qrade  deqrees  Fahrenheit)  for  nitrate  removal. 

Over  the  entire  reach,  the  removal  of  1.9  milliqrams  pen  liter  of 
nitroqen  was  simulated  with  Streeter-Phelps  model  that  was  not  simulated 
usinq  the  OTTAT,  TT  and  WOPPS  models.  Tn  addition,  this  Streeter-Phelns 
simulation  was  hased  on  the  assumption  that  plant  photosynthesis  did 
not  effect  mean  levels  of  no. 

Fiqure  40  illustrates  the  results  of  model  calibration  to  predict 
no  for  the  September  1^79  data.  All  three  models  qave  approximately 
tip  same  predictions  and  all  three  sliqbtlv  overpredicted  no  in  the 
downstream  two-thirds  of  t>e  study  reach. 

The  three  models  qave  equivalent  no  predictions  despite  several 
differences.  The  St reet er — p*>p 1  os  model  calibration  included  ammonia 
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nitroqenous  oxvqen  demand  that  was  included  in  f'p  dhat.  TT  an  d  ’TOP^R 


nonets.  In  addition,  the  0,TAL  TT  model  applied  a  smaller  temperature 
correction  to  the  reaeration  copff icient  so  that  simulated  reaeration 
occurred  at  a  slower  rate  than  reaeration  simulated  with  the  Ptreeter- 
Phel.ps  and  mpRRS  models.  In  part ,  this  difference  was  compensated  tor 
because  the  OTTAL  IT  model  did  not  correct  computed  saturation  values  of 
no  t0r  the  ditference  in  atmospheric  pressure  at  sea  level  and  local 
atmospheric  pressure.  ’’’hat  correction  should  have  been  633  millimeters 
of  mercurv/760  millimeters  of  mercurv  (?h  inches  of  mercurv/7q .qp  inches 
of  mercurv)  or  a. 84  of  the  saturation  value  computed  for  mean  sea  level 
(or  vovn  ot  1R?Q).  This  difference  was  noticeable  near  RK  60  ( RM  l”7)  at 
which  river  no  approached  saturation.  The  hiqher  computed  no  saturation 
caused  the  or  I  Ah  TT  model  to  predict  no  hiqber  bv  0.6  milliqrams  per 
liter  for  the  Anri!  1876  data  at  RK  60  ( RM  37).  final lv,  the  WORRR 
model  simulated  lesser  amounts  of  ROD  and  ammonia  decav,  compared  to  the 
other  two  models.  Pither  these  differences  were  minor  or  they  were 
comnensatinq  so  that  the  no  predictions  of  all  three  models  were  approx¬ 
imately  the  same. 

In  qeneral,  this  calibration  was  reasonable  for  all  three  models. 

The  WORRR  model,  qave  reasonable  temperature  predictions.  The  WORPS 
model  tended  to  overnredict  Ron  and  ammonia,  but  the  Streeter-Phelps  and 
OTTAli  IT  models  qave  excellent  predictions  of  Ron  and  ammonia.  (Treater 
decay  rates  would  have  improved  the  WORRS  model  simulation  for  ROD  and 
ammonia.  '"he  Ptreeter-Rhelns  model  did  not  correctly  predict  oraanic 
nitrogen.  However,  the  ammonia  calibration  indicated  orqanic  ni*-roqen 
simulation  was  unimportant.  The  Rtreeter-Phel  os  and  pTlAT.  TT  models 
underoredi cted  nitrite  by  a  small  amount.  Nitrite  results  from  the 
'.to n pp  model  were  not  available.  The  Streeter-Phelps  simulation  oc  nitrate 
aqreed  close! v  with  measurements  hut  was  based  on  the  assumption  that 
photosynthesis  did  not  affect  mean  on.  since  alone  were  not  modeled, 

(■tp  nn/u,  TT  model  was  not  calibrated  to  predict  nitrate.  A  pronram 
error  ornyente  ’  tup  '■Tnmq  model  adeouatolv  simulation  nitrate. 

The  no  calibration  was  reasonable,  wit'1  all  three  models  tending  to 
c 'o r nr e  'jet  po . 


Recause  no  and  nitrate  were  overpredicted  usinq  the  OUAI,  TT  model, 
several  attempts  were  made  to  improve  the  calibration.  First,  reaeration 
coefficients  were  examined.  Recause  reaeration  coefficients  were 
calculated  from  the  Padden  and  Olovna  equation  that  best  fit  qas  and  dve 
tracer  measurements  made  in  October  1R76  at  hiqher  flows,  these  coeffi¬ 
cients  were  not  modified.  m^g  nadden  and  oiovna  equation  aave  hiqher 
values  as  discharqe  decreased. 

Next,  the  possibility  of  benthal  oxvaen  demand  was  considered  but 
discounted  as  a  significant  no  sink.  Field  crews  measured  the  channel 
shape  at  67  points  between  RK  6?. 7  and  o  (Rm  32. 6  to  0)  and  qualitatively 
described  channel  materials,  veqetation,  and  animal  life.  Retween 
RK  62.3  and  24.2  ( RM  32.6  to  16),  bottom  materials  consisted  of  about  90 
percent  sand  and  qravel  and  10  percent  silt.  Sludge  banks  or  deposits 
of  organic  material  were  not  noted.  Aauatic  vegetation  was  described  as 
"light  moss"  in  this  segment.  Veqetation  was  described  as  "heavy  moss" 
at  a  few  points,  and  vegetation  was  not  observed  at  a  few  other  points. 
Retween  RK  24.2  to  0  ( RM  16  to  0),  attached  veqetation  was  rare  and  the 
channel  He'1  material  ranged  from  10  to  60  percent  silt. 

finally,  f'P  simulation  of  alqae,  using  the  dynamic  simulation 
ont- ion  of  on  at,  TT,  was  attempted  for  the  September  1Q7R  data.  This 
at- tempt  ided  additional  information  about  this  river  but  did  not 

n  j  ,m  i  f  j  oa-.t- 1  v  improve  the  calibration. 

'■n  i  |e  the  nt'AT,  TT  model  was  formulated  to  simulate  floating  rather 
♦  v-  >•  *  a  1  aluae,  it  seemed  possible  that  the  model  was  flexible 
en.'u  f  *■’  ?•».,  'i'd  the  effect  on  nitrate  and  no  from  attached  plants. 
However  ,  !r  t  i  s  'Use  the  data  describing  nitrate  and  no  are  inconsistent 
w :  1  1  ►li>  'fni;  TT  model  formulation  (see  piaures  3Q  and  40).  Except  for 
or  i -MTv  i -ro  h|,-f  i  v  i  r  v  (diurnal  changes  in  no  ranged  from  0.4  to  3.Q 
milligram,:  per  lifer),  sources  and  sinks  of  nitrate  and  no  seem  to  be 
■i donna*  e  1  v  described.  The  inconsistency  arises  because  the  no  balance 
indicated  i’g*  nef  respiration  exceeds  net  nhotosynthesis ,  whereas  the 
nifrogeg  balance  indicated  that  net  photosynthesis  exceeded  net 
respiration.  'Titrate  predictions  indicated  that  significant  biomass 
growth  occurred  in  which  nitrate  was  removed  from  the  water.  Predictions 
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of  no  i  nd  i  ra  t  pi  t  v>  a  t  a  lee  rpi^p  in  biomass  wa?  nf'f’pssarv  to  furi^pr 
decrease  no  so  tuat  orel  i  cv  i  on  s  aareed  with  npa^urpnents .  tar^inn  data 
iescr  i  V>i  no  cU  lornp’"/ 1 1  a  or  Monads,  it  was  not  possible  to  resolve  this 
nrohl.  p"i . 

Several  "'ii^p !  s  irnu1  at  ions  ii  i  stow  ti-at  tpiunpratiirp  sinnlatinn 
was  oecessarv  *-n  nrvip  1  ^ipl  no  variation.  fijrtt'prnoro,  nutrient  ovclinq 
w  !’PtP  not  respiration  pxcppHpH  not  nhot osvnthps i s ,  described  most  of  the 
liel  variation  nf  no  in  ttp  upstream  sooment  between  pit  bo  ani  S 2  ( bm  47 

to  1  a  .  s )  . 

Ver i f  irat ion 

Followinq  calibration,  the  predictions  oc  t^p  St  rent er-Bhel ps  and 
ot'AT,  IT  models  were  v  ified  usina  the  Anri1  1ri’,r  data  (ria'irps  IS  to 
40  )  .  nata  descrihina  coPff iripnts  determined  hv  calibration  wptp 
unchanaed  for  verification  tests.  Tn  aeneral ,  there  was  qnn4  aareement 
between  observations  an^  predictions  wifK  t-KP  exception  nf  orqanic 
nitroaen  and  nitrate.  Tn  April  107(7,  non,  ornanio  nitroaen,  ammonia, 
nitrite,  nitrate,  and  no  occnrred  at  nroater  concent ra t i ons  and  showed 
qreater  variation  from  a  mean  value  compared  to  tbe  f ientemher  1  *n v o 
cal i brat  ion  data . 

^iqnre  is  shows  tnar  the  Streetej — Pfplnq  and  QUAD  IT  models  nave 
equivalent  °on  nrp;,icfir>ns  for  tbe  April  107?,  data  excent  between 
°ueblo  STp  and  Sa’t  crooV.  npsojtp  tbe  occurrance  of  qreater  BOD  concen¬ 
trations  and  nreater  variation  of  boh  in  Anril  1076  compared  to  September 
1°7D ,  predictions  aareed  with  measurements.  Tbe  qreatest  difference 
between  a  mean  observation  and  prediction  was  2.S  milliqrams  ner  liter 
or  22  nercent  compared  with  n.7  milliqrams  ner  liter  or  S4  percent  tor 
tbe  Sentember  1070  calibration  data. 

Biqt.1  re  IB  contirms  tbp  lacV  of  aarppnpnt  between  observe7  o’-qanic 
nitroaen  and  predictions  from  tbp  Rtreptpr-Pbpl ns  model  usina  tbe  Anril 
1o7b  verification  data.  As  in  the  calibration,  oraanic  nitroaen  was 
overnredi  ct.ed  an7  tbe  nre7irted  trend  nf  decreasinq  orqanic  nitroqen 
between  DK  4Q  to  74  70  to  It)  did  not  aaree  with  tbe  measured  trend 

of  increasinq  oraanic  nitroaen. 

Biaure  17  verifies  aqreement  between  predicted  and  observed  ammon i a 


except-  between  RK  74  to  0  (  rm  is  to  0),  where  ammonia  was  overored  i  ct  pH  . 
because  the  water  in  this  seqment  ( RK  74  to  7  or  RM  IS  to  n)  enter  the 
stuffy  reach  prior  to  the  time  when  samnlinq  bpqan,  ammonia  samples  ihen 
on  April  1  to  7,  1Q76  from  the  Pueblo  ftp  an 4  Salt  CreeV  mav  not  have  been 

representative  of  water  aualitv  in  this  downstream  seqnent.  Pnl ike  the 
September  1P7Q  predictions,  these  predictions  reflected  the  difference 
between  the  Streeter-Phelps  and  OUAT,  IT  models  in  correct ino  ammonia 
decav  rates  for  temperature.  The  empirical  temperature  corrections 
were  : 

Model  Krp 

Street.er-Phelns  *  (  1  .n<5)T 

OPAL  IT  model  K_n  •  (1.047)T_2n 

In  addition,  some  difference  was  due  to  modelina  orqanic  nitroqen  with 
the  Streeter-Phelps  model. 

The  qreatest  difference  between  April  1Q7P.  observations  and  the 
Streeter-Phelns  model  predictions  was  n.f'>  milliorams  per  liter  o  currinq 
at  rk  7n . 1  (pm  l?,s).  For  the  opal  ti  model  predictions,  the  greatest 
difference  was  0 . so  milliqrams  oer  liter  at  PK  44.°  ( RM  27.0).  mhe 
qreatest  difference  between  September  1070  observations  and  predictions 
froa  tbe  st reeter-Phel ns  and  OPAL  IT  models  was  0.7  milliqrams  per  liter. 
Rased  on  these  data,  it  was  not  possible  to  determine  how  to  best  correct 
ammonia  decav  rates  for  temperature  chanoes. 

Fiqure  IF  indicates  reasonable  aqreement  between  the  April  1Q76 
observations  of  nitrite  and  predictions  of  the  Streeter-Phelps  and 
opal  TT  models.  Predictions  were  within  0.77  milliqrams  per  liter  of 
observations.  Model  predictions  fron  the  Streeter-Phelps  and  OPAL  IT 
models  differed  because  the  same  temperature  corrections  applied  to 
ammonia  decav  rates  were  applied  to  nitrite  decav  rates.  Tn  addition, 
the  Streeter-Phelps  model  simulation  included  ammonia  removal  hv  anuatic 
plants. 

Fiqure  7°  shows  verification  results  for  nitrate  predictions 
compare)  to  April  1070  ohservaf  ions.  ""Re  Ft  rpet-er-Php  1  os  model  simulation 
for  mean  1 i f rate ,  based  on  the  premise  that  mean  da i  1  v  phot osvnfhet i c 
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oxvqen  product  ion  was  balanced  bv  respiration,  was  accurate  to  with  in 
0.66  milligrams  per  liter.  ’’he  OPAL  IT  model  was  not  calibrated  to 
predict  nitrate. 

Picture  40  shows  the  agreement,  between  the  predictions  from  the 
Streeter-Dhelns  and  OPAL  IT  models  and  no  observed  in  April  1°76.  Both 
models  gave  about  the  same  results  despite  several  differences.  These 
included  different  formulations  for  no  saturation  and  temperature 
corrections  for  ammonia  and  nitrite  decav.  The  greatest  difference 
between  predictions  and  observations  was  7.2  milligrams  per  liter 
compared  with  2.0  milligrams  per  liter  for  the  September  1Q70  data. 
Comparison 

In  comparison,  this  application  to  the  Arkansas  niver  data 
indicated  that  several  model  differences  existed.  first,  the  Rtreeter- 
Phelps  model  had  a  superior  discretization  scheme.  '’’he  OPAL  IT  model 
reauired  more  coding  effort  because  eoual  length  computational  elements 
were  reguired.  Oesoite  the  extra  effort,  the  OPAL,  II  model  did  not 
produce  a  proper  simulation  of  the  water  gualitv  between  the  Pueblo  STP 
effluent  and  Salt  Creek.  The  WQRRS  model  reguired  the  greatest  coding 
effort  to  simulate  stream  geometry.  Three  separate  applications  were 
required  and  the  Pueblo  STP  effluent  was  overdiluted  and  shifted  upstream, 
these  differences  did  not  seriously  detract  from  the  flexibility  of  the 
DUAL  II  model,  whereas  discretization  limits  of  in  inflows  and  41  cross 
sections  did  detract  from  the  flexibility  of  the  WORRS  model. 

Other  differences  were  noted  in  modelinq  ROD,  ammonia,  nitrate, 
and  temperature.  The  WORPR  model  simulated  slower  ROD  and  ammonia  decay 
for  the  same  coefficients,  failed  to  simulate  nitrate,  and  did  not  allow 
specification  of  stream  temperature  as  input  data.  These  same  problems 
occurred  in  simulating  water  quality  in  the  Chattahoochee  and  t’illamette 
rivers . 

Th?  cooler  stream  temperatures  recorded  in  April.  1076  helped  define 
several  differences  between  the  Streeter-^helps  and  QTTAL  II  models, 
these  two  models  applied  different,  temperature  corrections  to  reaeration 
coefficients  and  nitrogen  decay  rates.  Tn  addition,  the  opal,  IT  model 
does  not  correct  no-saturation  calculations  for  local  atmospheric  pressure. 


•  • 


•  • 


•  -  • 


•  • 


•  • 


•  • 


168 


Finally,  thp  StTPeter-Pholps  model  di  1  not  nroperlv  predict  nraanic 
nitrogen  in  this  river.  ^h i s  was  related  to  tte  failure  to  simulate  bio¬ 
mass  ant)  the  measurement  of  total  instead  of  dissolved  nraanic  nitroqen. 
The  mt'AT.  IT  model  does  include  chlorophyll  a,  but  the  model  could  not  be 
calibrated  so  the  biomass  component  removed  no  and  nitrate.  The  WRPS 
model  had  a  wider  ranqe  of  capabilities  in  simulatinq  biomass,  but  these 
applications  were  deemed  hevond  the  scone  of  this  study. 
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Summary 

Four  models  were  examined  to  determine  the  validity  and  usefulness 
of  the  models  for  modelinq  stream  water  quality  downstream  of  reservoirs, 
these  models  included  the  U.S.  Geoloqical  Survey  One-nimensiona 1  Steady- 
State  Stream  Water-Oual itv  Model  ( the  modified  streeter-Pbelns  model), 

OUAL  IT  Stream  Ouality  Model  (Southeast  “ichinan  Council  of  Governments 
version),  U.S.  Army  Corns  of  Rnq.ineers  Mater  Quality  for  Fiver-Reservoir 
Systems  (wopRS)  Model,  and  the  MJt  transient  Water  Oualit.v  Network  Model . 
Modelinq  canahilities  listed  in  model  documentations  were  examined  and 
summarized  in  Table  ?  for  reference.  The  models  were  evaluated  and 
comnared  usinq  a  comnrehensi ve  data  base  comoiled  from  previous  studies 
of  the  Chattahoochee,  Willamette,  and  Arkansas  rivers. 

The  data  base  included  information  from  uses  studies  of  three 
rivers  havinq  widely  varied  character i sties .  Thp  Chattahoochee  River 
is  a  moderate  size  eastern  stream  with  a  moderate  channel  slope. 
Nitrification  is  important  and  aquatic  plants  and  benthic  interactions 
are  unimportant.  The  Willamette  River  is  a  larqe  sluqqish  West,  coast 
stream  havinq  three  distinc*-  reaches  with  different  water-aual  itv 
cha racter ist ics .  Decay  and  reaeration  rates  are  low.  Nitrification 
occurs  in  the  upstream  reach  and  bontMe  demand  occurs  in  thp  downstream 
reach  of  the  Willamette  River.  fhp  Arkansas  River  in  Colorado  is  a  small 
cool  stream  with  sheen  channel  slopes  and  larqe  decay  and  reaeration 
rates.  Waste  inflows  mave  up  a  maioritv  of  the  Arkansas  River  f low. 

mho  'data  base,  whi.-h  shoti!"'  be  useful  in  establisbinq  the  credibility 
of  other  models,  was  limited  ho  steady  flow  conditions.  171  he  water — 
f  tu  a  1  i  *■  y  data  r  r  om  cha  1 1  ah  ot  *ch  po  '*T  i  1  1  a  met  f  o  r  i  ve  r  s  hp  st  ^escri  bo  s 

'•.heady  condi  h  ions.  Frequent  measurements  at  several  sihes  on  hhp  Arkansas 
R  i  ”o  v  ■-  n  ■  j  *  nossihle  ho  model  diurnal  ohanqes  usinq  these  wah  or- una  1  i  h  v 

'i*  ].  A  review  or  uses  files  and  a  brief  literature  review  fail*-’  ho 
reveal  H'o  existence  or  a  comnrebens  i  ve  svnonhjr-  la*a  col  lech  ion  studv 
ror  'vnarn  i  <■  flow  oil  h  f  inns.  !'or  hha*  reason  h''e  mn '  ua'  inr  or  ’vnamjc 
m,  <.  i«.  1  s  war;  1  i  m  i  *-e  »  to  Uipjr  sh  eadv — t  ah  e  caoab  i  l  i  h  i  es  . 
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A  numV  r  of  f  foror:rp9  nxi  1  Hpfwppn  nn^ols  ^-pr.Ttiqn  p.i  ^  o, ,  ’.o 
w  a=;  ilpsianed  for  dif  fprpnf  condit  i  ons.  rxppnt  fnr  the  Mi'T'  no  !p!  ,  fho 
models  performed  as  pxnected  hased  r>n  model  dociment  af  ion ,  "’hp  cioai  T  ! 
"•ode 1  showed  the  qreatest  flexibility  in  simulatir.n  steady  f low  and  water 
qua l itv.  However,  the  Streeter— Phel ns  model  was  inexpensive  an ’  easv  to 
anolv  and  calihrate.  Because  of  complex  codino  and  discretization 
rerm  i  rements ,  the  worrs  model  should  he  limited  to  ann1  i^at  ions  i""o]'-imi 
dynamic  conditions. 

The  Street.  er-Phel  ns ,  on  AT,  TT  ,  and  worrs  models  prove  1  - ,  >  of 
comparable  accuracy  and  ermallv  valid  under  steady-state  st  *  ■  m  omdi- 
tions.  Respite  the  fact  that  the  mt"1  model  Has  been  use’  sv  -cess ‘bi  1  1  v 
in  estuarv  water-qual itv  studies,  it  was  not  possible  to  ^onfirr  the 
validitv  or  usefulness  of  the  model  usincj  the  steady-state  data  compiled 
for  this  study.  while  the  vpl^  rational  method  was  not  orini.nallv 
included  in  this  model  evaluation,  use  of  the  Chattahoochee  and  Willamette 
river  data  made  it  possible  to  use  previous  wort  to  compare  the  Velz 
technique  to  the  other  models.  compared  to  the  Streeter-Phelns ,  nnAI,  IT, 
and  WORRS  models,  the  Velz  rational  tedninuf  was  enuallv  valid  and  of 
comparable  accuracv.  Examination  of  the  util itv  and  full  capabilities 
of  the  Velz  techniaue  was  hevond  the  scone  of  this  work. 

mhp  minor  differences  anonq  the  Streeter-Phelns,  opal  tt,  and  WORRS 
models  included  orqanic  nitroqen  modelinq,  nitrate  untake,  nitroqenous 
bop,  temperature  corrections  for  nitrification  and  reaeration  coeffi¬ 
cients,  distributed  sources  of  BOP ,  benthic  oxyqen  demand,  s-day  BOP 
modelinq,  and  calculation  of  no  saturation.  These  differences  were 
considered  minor  fer  two  reasons:  either  tire  models  are  flexible  enough 
to  compensate  for  the  differences,  or  the  difference  in  i  rediction  was 
smaller  than  the  variation  in  the  data  due  to  measurement . 


Cone  1  us i ons 


m’ie  exam  i  n.-V  i  on  of  the  St  r  eet  e  r— Phe  1  ps  model  ,  c  ’  .A  T  TT  model  ,  WO  RRS 
model,  and  'T"  model  emphasized  several  ■’  i  f  f  erences .  As  outline’  in 
"•able  ’,  PH,,  T  rpof,v-P’>pl  ns  mn’r-1  was  formul  ifp  ’  for  s’-oa  r  1  ow  an  ’ 
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waste  loads  and  <ioes  not  simulate  temperature  and  stream  h  ydrau  1  i  os . 

The  OtiAt,  IT  model  also  simulates  steady  water  nualitv  but  >>as  tVlo  a  He  I 
capability  to  model  temperature,  stream  hydraulics,  and  diurnal  rhanaes 
in  water  crual  itv  for  steady  discharae.  The  MT"’  model  was  formulated  to 
simulate  unsteady  flow  and  water  qualify  for  nitroaen-limited  estuaries. 

The  usefulness  of  the  Mjm  model  could  not  he  confirmed  with  the  steady- 
state  river  data  selected  for  this  study.  The  NDR RS  model  was  the  nos*- 
neneral  model  considered.  Its  capabilities  include  dynamic  model  inn  of 
flow,  water  nualitv,  and  stream  biota. 

Minor  nroqran  errors  were  noted  with  the  Streeter-Rhel ps ,  '‘'HAT  TT, 
and  wfRRS  models.  However,  most  of  these  problems  have  been  cleared  up 
in  recent  updates.  Manor  difficulties  and  minor  nroqrammina  errors  were 
encountered  in  aoplyinq  the  MTT  model.  Overall,  tbe  Streeter-°he Ips , 

OHAL  II,  and  wf'RFS  models  performed  accordinq  to  expectations  derived 
from  the  user's  auide  for  each  model.  The  HIT  model  did  not. 

Recent,  updates  to  the  Rtreeter-Phelns  model  have  corrected  several 
problems  encountered  in  this  studv.  These  included  updatinq  the  DO 
saturation  formulation  to  compute  no  saturation  as  a  function  of  salinitv 
in  addition  to  temperature  and  barometric  pressure.  Several  different 
reaeration  options  have  been  added,  and  the  fecal  coliform  die-off  option 
was  updated  to  allow  temperature  corrections  to  the  die-off  rate.  Finally, 
an  er^or  in  the  mo  mass  ba]ance  at  tributary  inflows  bas  been  corrected. 

Tbe  MCASI  (  Ihon)  recently  reviewed  tbe  FFvcnr,  version  of  fhP  ORAT,  TT 
model  and  corrected  errors  in  the  steady-state  temperature  submodel,  ope 
of  the  reaeratior.  coefficient  formulations,  and  tbe  data  sneo  i  f  i  -a*-  i  on  for 
the  alqae  submodel.  Therefore,  the  most  reliable  and  ur>-to-da*e  version 
of  the  OTIAT,  TT  model  is  the  SFMrnn  version  with  the  «PAfT  updates. 

The  wpppc  model  was  recently  undated  to  correct  several  problems 
noted  in  t.hjs  study.  Frrors  in  the  options  to  direct.lv  specify 
temperature  or  use  the  equilibrium  temperature  method  were  corrected, 
mhe  reaeration  coefficient  can  now  be  directly  specified.  Ammonia  and 
nitrite  decay  were  coupled  to  the  nitrate  formulation.  Finally,  oruanio 
detritus  can  be  simulated  without  simulating  oraanic  sediment . 

A  comparison  of  the  Ft  reef  er  —  Rhel  ps  and  OMAT,  TT  models  indicated 
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that  the  Rider  equation 


fnr  Innai  t'l'Mnal  Hicnprsior  may  i  •’ 


nredirt  iisppr^inn  tor  natural  channels.  furthermore,  these  .- 

indicated  that  nuntrital  lipnrr^’on  in  the  OiiAL  TT  "ip  ’p!  v  t :  —  :  v  :  Meant 
Howe”pr,  comnar i r  a  the  WORRP  model  to  the  two  steady— state  m.  >  --  -ivane 

that  either  dispersion  cal  mil  ations  or  temperature  correct  ions  -  r  Mcav 
rates  led  to  H>P  simulation  of  less  removal  of  non,  detritus,  an  1  a-mon i a 
tor  the  same  soeci f  ied  decav  rates  and  loadinqs. 

the  pt reeter-Phe lps  model  simulates  oraanic  nitroaen  h>ut  not  alaae. 
The  OnAL  TT  model  lumps  oraanic  nitroaen  with  alqae.  The  WOPRS  model 
includes  oraanic  nitroaen  with  detritus.  The  comparison  indicates  that 
tp  on m,  tt  and  WOPRS  models  have  sufficient  Mexibilitv  such  that  oraanic 
nitroaen  simulation  is  not  crucial. 

Roth  the  Streeter — Phelps  and  onaj,  tt  models  were  limited  to 
model ina  benthos  sources  of  Ron  as  a  first-order  process  rather  than  as 
a  constant  source.  Tn  addition,  different  temperature  corrections  were 
applied  tn  nitroaen  decav  rates,  reaeration  eoef f ici ents ,  and  hop 
settlinn  rates.  furthermore,  oo  saturation  was  not  corrected  for 
salinity  and  barometric  pressure  in  the  oryr  tt  model. 

The  maior  difference  hetween  tKe  .Rtreeter-fhpi  pc  ,  omat,  tt,  and 
wORRS  models  involved  the  stream  di  scret  i  za*-  i  on  «et0me.  Recause  of  the 
discretization  scheme,  cod i net  data  -nr  the  o"aj  tt  "b!  was  easiest, 
except-  where  extra  effort  was  needed  to  mate1-  t'e  <  s  -  run  7  at  i  on  schemes 
of  other  models.  This  was  offset  by  areater  1 .  - -re*-  1  z at  j <-  n  errors 
resultina  from  the  requirement  of  eaua 1 - 1 on, jth  n 1 eme -t  s .  ftp  Rtreeter- 
Atiplns  model  hpttpr  mate'-ed  stream  aeometrv  and  vad  less  discretization 
error.  P  Lscret  i  zat  i  on  limits  of  I*'  inflows  an-*  41  cross  sections 
severely  limited  the  flexibility  of  the  WOP  PR  model. 

mt o  i.’prjpc  model  has  two  other  siani  Meant  limitations  for  a  .aeneral 
unsteady  water-anal i tv  model.  Mrst,  the  scour  of  solid  material  has 
been  neqlected.  As  Kreut zber aev"  and  others  (  1aR0)  notea (  scour  of  benthic 
materials  can  s i on i M cant  1 v  affect  water  nnal  itv  Purina  unsteady  flowp. 
Record,  the  '-'ORRR  model  simulates  T-apv  rop  and  converts  that  to  ultimate 
non  usi  -a  a  constant  factor  oc  1.41.  ctp  constant  factor  shoul  q  he 
specified  as  innt.lt  -lata  or  computed  from  the  in-stream  Mrav  rate.  for 
the  1  a  f  a  ---opj  h-i  in  tl'is  study,  the  factor  ”aried  from  1  *-0  ?  . r-  . 


T  (  j  V  ^  f.  *  '  p  '  P  *•*  ?  hv  >  -  }  p  ] 


4-V»p  '*  T 


!"f  V  ?P  1  (  'a  TV!  K  i  1  1  *-  \ 


o  ♦■  o  i  *  y'  ,  \ 


’oi'UP’f'nt’  at  i  oi  til  not  inrlniti  Men  t  l'  i  c  i  n*- e  ra  c*-  i  < in s  .  T  n  a  !• !  i  t  i  in  ,  t  1  ■  ■ 
lociinf>nf  pi  model  was  not  ^nrmul  .itn!  to  simulate  nrt,tnn’’''np’"af('  an’  ' v  o 
riMorntion  copff  irion^  on*-  i  on  was  severely  1  imited, 

T n  uenera 1  ,  the  ohat,  TT  model  was  Meet  suited  to  simulate  water 
nnal  i  *- v  tor  steady  elow.  However,  the  st  raptor-  nhe  1  ns  mo  1  e  1  is 
inexpensive  and  easy  to  aoplv.  Optjnnn  for  ni'-roaenoun  non  ant  anaerobic 
conditions  are  available  in  the  .street  er-Phel  ns  note]  .  Tn  addition, 
calibration  nf  the  Ptreotpr-Dtpl  tas  mo  Me  l  is  si^oi  i  f  irt  hv  printed  qraphs 
nf  results.  because  of  cost.  and  data  no  'inn  pftort  rennire.-l,  ftp  WOPHP 
model  should  he  limited  to  unsteadv  f low  .and  wat er-aua 1 i tv  simulation 
or  conditions  where  complex  plant  and  animal  communities  contribute  to 
water-nual i tv  problems. 

The  mtt  model,  should  he  selected  tor  mode]  inn  studies  onlv  after  a 
serious  consideration  of  alternatives  and  oh-jectives.  I'nlike  the  other 
three  models  it.  was  not  possible  to  anplv  the  MTT  to  steady-state  river 
onal  i  tv  data  usi.nq  the  computer  code  furnished  hv  the  Ft>A  and  usinq  the 
documentation  as  a  auide.  This  difficulty  in  apnlvina  the  model  is  not 
unlike  the  dj ff i cu 1 t j es  experienced  hv  other  users.*  While  the  model 
has  proven  useful  in  other  studies,  the  results  of  this  study  indicates 
that  F'e  assistance  oc  an  experienced  user  of  the  'ITT  model  mav  he  needed 
to  m  ■  -es  s  F|j  i  lv  apply  the  model  . 

Recommendations  for  further  Ptudv 


mv-e  data  base  compiled  for  study  was  adequate  for  testing 

the  steady-state  capabilities  of  the  Ht reef er  — nhe 1  ns ,  chat.  TT,  and 
vo  rrc  models.  However,  fjpl  -i  sfu  '  i  es  are  needed  to  qafher  dynamic  wafer  — 
q.ial  i  tv  lata  so  that  a  similar  eomnari  son  for  dynamic  models  will  he 
possiv'in.  The  mosf-  1  id  p  1  v  sn  ini  q  include  the  vorrh  model  and  the 


Personal  poinmin  i  <~,-jt  i  on**. ;  dune  1o°ri,  Thoma  s  barnwel  V  ,  civil  Fnaineer, 
tPA ,  Athens,  c.n  .  ;  dune  t'un  ,  '"rant  ’’Atom ,  Consultant,  ^nqi  neer  i  no 
Analysis,  T  no .  ,  Huntsville,  Ala.;  and  dulv  V'P  1  ,  f’r  »nv  Parker , 
n  ,  f  i  >  s  s ' '  r  ,  i’an  ie  vi ,  j  it  1  Tn  i  "o  r  s  i  t  y  f  'las'"’  i  1  1  e  , 


'enn 


•  • 


r  ivranvi  ip  model  dove  1  nnp  d  hv  t  1nt)(l  1  .  Tn  ,  ,  1  d  j  ♦-  j  on  furt’  pr  sf  u  Iv 

i  '-,  p.'i<  led  to  r^l  1  lira  op  rMu.it  i  f  ola^rc,  ,'i  1  1 1  i  ”i  1  s  a  Iona  ■••it-v'  !i*  i 

or i  vat*'r  t  u  1 1  i  *■  v  in  to  test  model  tormu 1  .it  ions  for  t.  j  ot-  ,7 , 

af  tUo  m<  7:  to  1  o  rauTii  ip  this  s^uIy  mould  Ho  n  p  f  i  t  rrom 

‘’’irrtpr  Ipvnl  onppnt  .  /\  1  1  ^opr  models,  wit'b  tht1  Pxr'Pnt-  inn  pe  f'e  uptatPrl 
S t  r ppt  o r—  the  1  pin  model  ,  poul  a  bppprir  erom  an  improve  ’  nr-—  paf  urat  ion 
fnriml  at  ion .  mt,-.  MW,q  recent lv  iiirvpvp-i  <~v^0  1  itpratur“*  int  tptPruinp'i 

•-Hat  ft’p  fnrpul  at  jms  rron  Vpis^  (  l^toi  and  ct_anHar't  vpt.tntq  (pranson, 
ppn  (  n,  op  )  Hp n *-  7(>latp  i  00  saturation  t  o  t pppprat tap,  salinity,  ba  r  o— 
metric  nrpsstirp,  and  water  vapor  pressure. 

ftp  StrpPtor-r,b(Jl  OR  model  rnu  1  <t  be  improved  by; 

1.  .VWinq  a  tpi>inpratiirp  and  strean  hydraulics  subroutine. 

? .  Internal  checks  of  ftp  input  data. 

A.  better  oruan izaf i on  of  output  data. 

4.  fividina  tte  code  into  modules  hat'i  nu  a  sneri  fir  nurnose. 

r- .  Addinu  a  reaerat  ion  formulation  for  dams  or  ranide:. 

f  ,  nndat i no  ftp  dooument at i on  to  provide  more  derail. 

,nv  a  or t at  TT  model  rouM  be  innr'vm  i  tv: 

1.  Addjnn  formulations  fnr  dissolved  oraanio  nitroaen  and  periphyton 
and  reaerat. ion  at  lams  and  rani 4s. 

0 .  Pevisinq  the  formulation  for  dispersion. 

A .  tevisina  the  formulation  for  f-dav  non  so  a  variable  conversion, 

ratio  nop)n|^/nonc;  can  be  spe'-iried. 

4.  Addinu  the  option  to  directly  sneoifv  travel  time. 

f .  uevisinn  the  ammonia  formulation  to  allow  the  esoape  nc  ammonia 
uas  to  ftp  atmosnhere. 

f  .  Addjnn  a  taint  t  ina  subroutine  tn  assist  in  cal  ibrat  inn. 

'*Tfipt>h  no  lei  mould  np  improved  bv: 


1 . 
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Tncreas i nn  discretization  limits  to  allow  4h-sn  inflows, 
withdrawals,  and  nonpoint  sources;  and  7n-qn  cross  sections. 

s .  Rpvisina  the  documentation  M  provide  more  detail  and  up-to-date 
exampl  es . 

The  MIT  model  could  he  undated  to  provide  a  mope  detailed  documen¬ 
tation.  In  addition,  the  computer  code  mav  renuire  a  careful  review. 

Some  attention  to  the  utility  and  case-of-use  miciht  improve  the  credibility 
of  the  mis  model  as  a  qeneral  dvnri1'  water-oual  itv  model. 
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